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Abstract

Shortage of fossil fuel and the necessity of reducing CO, emissions among other rea-
sons have significantly grown the number of the inverter-based distributed generator
connected to the low-voltage distribution network. Many of them interact with renewa-
ble energy sources such as photovoltaic modules and wind turbines, besides they are
present in any energy storage process.

Focusing the attention on the photovoltaic systems, it has been observed that for a long
time, photovoltaic inverter function was merely to inject power into the main grid with
a unitary power factor but, new trends and policies propose to integrate them as active
and smart devices. This current philosophy contributes to the change from the tradi-
tional and linear power systems to the smartgrid and microgrid concepts. In this way,
inverters would be able to contribute to the local voltage support, improve the power
quality and give rise to flexibility and security of supply.

Concurrently industry and research are aiming at cost reductions and enhanced perfor-
mance of the energy conversion process, with a focus on the inverter topologies. Pho-
tovoltaic inverters are traditionally characterized by two-stage conversion process,
composed by a dc-dc boost converter and the voltage source inverter. Some innovative
ideas seem quite suitable for this application because they can step up the dc input
voltage in a single power conversion stage by using impedance source network, quasi
impedance network or its derivations. This family of converters allows among other
advantages the following: voltage boost/buck, extended range of operation, low cost
and high efficiency, strong electromagnetic immunity, no need for dead time, mini-
mum number of semiconductor devices, improved reliability and performance, and
short-circuit protection. Furthermore, impedance networks have been integrated with
multilevel bridges to acquire their intrinsic advantages.

However, because of the relatively early stage, only few studies deal with the grid-
connected integration with closed loop control systems, which basically must provide
coexistence of an operation strategy of the inverter, a maximum power point tracker
algorithm, a dc-link voltage control method and a special modulation technique to em-
bed the shoot-through states into the normal ones.

This PhD research presents a novel solution for energy conversion in photovoltaic
applications based on the aforementioned concepts. A new inverter topology called
“three-level neutral-point-clamped quasi-impedance source inverter” both in single and
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in three phase variants is proposed, analysed and calculated along a new modulation
technique to generate the shoot-through states uniformly distributed during the whole
fundamental period. To operate in grid-connected mode and deal with the aforemen-
tioned new trends related to the electrical systems, different closed loop operation
strategies are designed and proposed as well. Taking into account these last functionali-
ties, the proposed inverter is considered as an active device, presenting a smart behav-
iour in its integration with the main grid.
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Resumen

La escasez de las fuentes de energia basadas en combustibles fosiles y la necesidad de
reducir las emisiones de CO,, entre otros motivos, han provocado un aumento en la
conexion a las redes de distribuciéon de baja tension de generadores distribuidos que
emplean inversores. Muchos de ellos actiian de interfaz con fuentes de energias reno-
vables como modulos fotovoltaicos y turbinas eolicas, ademas de formar parte de cual-
quier sistema de almacenamiento de energia.

Particularizando en los sistemas de generacion fotovoltaica, se observa que durante
mucho tiempo y desde sus inicios, estos inversores han estado actuando basicamente
mediante la inyeccion de potencia activa en la red, con factor de potencia unitario. Pero
las nuevas tendencias de operacion e incluso normativas de distintos paises, proponen
que estos dispositivos sean integrados como elementos mas activos ¢ inteligentes. Esta
filosofia en la operacion contribuye a la evolucion de los tradicionales sistemas de
potencia lineales hacia los conocidos conceptos de microrredes y redes inteligentes. De
esta manera, los inversores contribuirian al control de tension en el nodo a nivel local y
mejorarian la calidad de la energia, ademas de contribuir a una mayor flexibilidad y
seguridad del suministro eléctrico.

Simultaneamente a esta tendencia de operacion, la industria y los grupos de investiga-
cion se han planteado como reto el reducir el coste y mejorar los rendimientos de los
procesos de conversion de energia, focalizando la atencion en las topologias inversoras.
Los inversores fotovoltaicos tradicionales se caracterizan por contar con una doble
etapa de conversion de energia, a través de un convertidor continua-continua elevador
y un inversor en fuente de tension. Algunas de las ideas innovadoras en este campo
parecen muy adecuadas para aplicaciones fotovoltaicas dado que pueden elevar la ten-
sion continua de entrada en una sola etapa de conversion a través del uso de una red
impedante o alguna de sus derivadas. Esta familia de convertidores permite: elevar y
reducir la tension, dotar al convertidor de un mayor rango de operacidon en cuanto a
tension de entrada, menor coste y mayor eficiencia, mayor inmunidad electromagnéti-
ca, ausencia de necesidad de tiempos muertos, mayor rendimiento y proteccion frente a
cortocircuitos de rama, entre otros.

Sin embargo, dada la reciente aparicion de estos convertidores, no existen demasiados
estudios en cuanto a su integraciéon como elementos conectados a la red con algoritmos
de control en lazo cerrado, en los cuales deben coexistir una estrategia de operacion del
inversor, un algoritmo del punto de méxima potencia, un método de control del bus de
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continua y una técnica de modulacion especial que permita generar estados de conduc-
cion simultaneo entre interruptores de la misma rama ademas de los estados normales.

Esta tesis doctoral presenta una solucion novedosa para la conversion de energia en
sistemas fotovoltaicos teniendo en cuenta los aspectos previos. Se propone, analiza y
calcula una nueva topologia inversora conocida como “inversor de tres niveles con el
punto neutro fijado con fuente cuasi impedante”, tanto en versiéon monofasica como en
trifasica. También se propone una nueva técnica de modulacion que permite generar
los estados de conduccioén simultdnea entre interruptores de una misma rama de manera
uniforme durante todo el periodo fundamental. Por ultimo, se han desarrollado y pro-
puesto diferentes algoritmos de control en lazo cerrado para su operacion en conexion a
red. Teniendo en cuenta estas Ultimas funcionalidades afiadidas, el convertidor pro-
puesto se considera un elemento activo, comportandose de manera inteligente en lo que
respecta a su conexion y operacion con la red principal.
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Nomenclature

a - mathematical operator for abc to o-f transformation
ac - alternating current
Ay - amplitude of y,.
Ay - amplitude of x4,
ANPC - Active NPC
APF - Active power filter
APOD - Alternative Phase Opposition Disposition
B - Boost factor
CCM - Continuous Conduction Mode
Cr - Capacitance of the output filter
CHB - Cascaded H-Bridge
C; — Capacitor
CMC - Cascade Matrix Converter
CPWM - Continuous Pulse Width Modulation
CSI - Current Source Inverter
Cq - ST carrier
D, - duty cycle of the active states
dc - direct current
DCLC - DC-Link Cascaded
DCM - Discontinuous Conduction Mode
D; - General diode
DG - Distributed Generator
DPWM - Discontinuous Pulse Width Modulation
DPWMMAX - Discontinuous Pulse Width Modulation that the MAXimum
signal defines the zero sequence
DPWMMIN - Discontinuous Pulse Width Modulation that the MINimun sig-
nal defines the zero sequence
Dy - Shoot-through Duty Cycle
D', — Reference Shoot-through Duty Cycle
Dy - duty cycle of the zero states
53 - Average D;
EI - Edge Insertion
ESS - Energy Storage System
f- frequency




Nomenclature

- FB - Full Bridge

- FC - Flying Capacitor

- fres - resonance frequency

- fsw - switching frequency

- f1-line frequency

- G- Voltage gain

- GTO - Gate Turn-Off Thyristor

- H-NPC - Neutral-point-Clamped and H-Bridge

- h, - switching harmonic order

- HV-IGBT - High Voltage IGBT

- IGBT - Isolated Gate Bipolar Transistor

- IGCT - Integrated Gate-Commutated Thyristor

- InC - Incremental Conductance

- I *gn-d - Reference grid current

- I - Short circuit current

- Iypp - Maximum power point current

- Ioyr - Output current

- I;-d component of the output current

- I 4-d component of the reference output current
- I, - g component of the output current

- I, - q component of the reference output current
- I, - Photovoltaic current

- I, - output current

- i¢; - Instantaneous current across a capacitor

- ipc~ - Output current at low frequency

- Ipc_max — Peak value of the output current at low frequency
- Ig4(?) - instantaneous injected current

. - - Reference injected current vector to the grid
- I - input current

- iz~ - ac component of the input current

- i, - peak value of the current in the inductance

- k- number of output voltage level

- K¢, - voltage ripple factor in C,

- Kc; - voltage ripple factor in C,

- Kcp; - Low frequency voltage ripple factor for capacitors C; and Cy
- K¢z - Low frequency voltage ripple factor for capacitors C; and C;
- K, - Predefined ripple in the inductor current

- Ky - High switching frequency current ripple factor

- Ky - Low frequency input current ripple factor

- K5 - Low frequency current ripple factor for inductors L, and L,

- K- Integral constant of PI controller

- K, - Proportional constant of PI controller




Nomenclature

L - weighted inductance

LCCT-qZSN - Inductor—Capacitor—Capacitor—Transformer qZSN
LCI - Load Commutated Inverter

L - Inductance of the output filter

L, - grid inductance

L; - Inductance i

L; - inverter inductance

my - frequency modulation index

M - Modulation index

MBC - Maximum Boost Control

MCBC - Maximum Constant Boost Control
ML - MultiLevel

MLI - MultiLevel Inverter

MMC - Modular Multilevel Inverter
MOSFET - Metal Oxide Semiconductor Field Effect Transistor
MPP - Maximum Power Point

MPPT - Maximum Power Point Tracking
MR; - Modified reference signal

MToe - Million Tonnes of oil equivalent
MTBEF - Mean Time Between Failures
MTTF - Mean Time to Failures

n - turns ratio

N - Number of cascaded impedance networks
NPC - Neutral-Point-Clamped

NPC-CHB - Neutral-Point-Clamped and Cascaded H-Bridge
N, - Parallel connected PV panels

N; - Series connected PV panels

NTV - Nearest Three Vector

P - Active power

P® - Generated active power

PCC - Point of Common Coupling

PD - Phase Disposition

PI - Proportional-integral controller

Py - Input power

POD - Phase Opposition Disposition

Poyr - Output power

PSC - Phase Shifted Carrier

PV - Photovoltaic

PWM - Pulse-Width-Modulation

P - Reference Active Power

P&O - Perturb and Observe

qZSI - quasi-Impedance-Source Inverter
gZSN - quasi-Impedance-Source-Network



Nomenclature

- Q- Reactive power

- 0% - Generated reactive power

- Q* - Reference Reactive Power

- r-index that relates L, and L;

- R - resistance

- Ry—resistance of the L filter

- RCM - Reduced Common Mode

- REC - Reduced Element Count

- Refj - Reference signal i

- RES - Renewable Energy Sources

- Rg - Gate Resistor

- 8- Apparent power

- SBC - Simple Boost Control

- SHE - Selective Harmonic Elimination

- SIDER - Smart Inverter for Distributed Energy Resources
- SL-gZSN - Switched Inductor quasi-Impedance-Source-Network
- ST - Shoot-Through switching states

- St - Binary gate signal of T;

- St - Binary gate signal of top switch of branch x
- SVC - Space Vector Control

- SVPWM - Space Vector PWM

- t4 - time duration of the active states

- ts-time duration of the shoot-through states
-tz -time duration of the zero states

- T - Temperature

- T - fundamental period

- T; - Constant time of the integral controller

- THD; - current Total Harmonic Distortion

- THDy - voltage Total Harmonic Distortion

- THIPWM - Sinusoidal PWM with the Third Harmonic Injection
- T; - General semiconductor switch

- T, - ST time interval

- TPES - Total Primary Energy Supply

- Trans-qZSN — qZSN with two coupled inductor
- T, - switching period

- T, - Conduction time in semiconductor

- T, - Switching period

- w - unitary vector in direction of fab

- Uemy - common mode voltage
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v., - Reference output voltage between branches

vy - output voltage between branches

V4 - OUtput voltage between middle point of branch a and neutral point
Vo refs Virer ad v or - References or modulating signals

Veen(?) - instantaneous generator voltage

Vpee(t) - instantaneous PCC voltage

v; - instantaneous voltage across an inductance

v, - bottom ST envelope

vy - First bottom ST envelope in MCBC

vu2 - Second bottom ST envelope in MCBC

v, - upper ST envelope

v,1 - First upper ST envelope in MCBC

vp2 - Second upper ST envelope in MCBC

Vi - Output voltage between middle point of branch and neutral point of the
load

V4 - average output voltage between branches

} , - Reference output voltage vector of the fundamental component in termi-
nals of the 3L-NPC-qZSI
V', - Reference RMS output voltage of the fundamental component in termi-

nals of the 3L-NPC-qZSI

V", — reference value of the dc link voltage
Vi-d component of the reference output voltage
V*,, - ¢ component of the reference output voltage

}, - Reference voltage drop vector in the filter inductance
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V, - Reference RMS voltage drop in the resistance of the filter inductance

} » - Reference voltage drop vector in the resistance of the filter inductance
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Vi - average voltage across the capacitors over one switching period
V4 - dc voltage source

Ve - RMS grid voltage value

Veen - RMS voltage at the terminal of generator

V; (hs,) - output voltage at the switching frequency
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Vv - input voltage source
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Vuep - Maximum power point voltage

V. - Open Circuit Voltage

V,» - Photovoltaic voltage

wia = Voltage grid vector
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Chapter 1
Introduction

1.1 Photovoltaic energy injection into the grid

World Total Primary Energy Supply (TPES) was 13555 Million Tonnes of oil equiva-
lent (MToe) in 2013, where its 13.5 % (1829 MToe) was generated from Renewable
Energy Sources (RES) as Fig. 1.1 a) represents. Solid biofuels (excluding wastes) is the
largest renewable energy source, representing 10.4 % of world TPES and 73.4 % of
global renewables supply as Fig. 1.1 b) depicts. Hydroelectric power is the second
largest source, providing 2.5 % of world TPES and 17.8 % of renewables. Geothermal,
liquid biofuels, biogases, solar, wind, and tide each represent a smaller share and make
up the rest of the renewable energy supply. Growth of solar photovoltaic and wind
power have been especially high during the last years, which grew at average annual
rates of 46.6 % and 24.8 %, respectively (see Fig. 1.2) [1].

5,0% 3,0%

0,4 %

= Natural gas

« Ol ® Biofuels and waste

+ Coal u Geothermal
2Other' = Solar

= Nuclear 3,6 % =Wind

= Renewables wHydro

'Includes energy from sources not defined above, such as non-renewable
wastes, peat, oil shale and chemical heat.
’Includes geothermal, wind, solar, tide.

(a) (b)

Fig. 1.1. a) 2013 fuel shares in world total primary energy supply. b) 2013 product shares in world
renewable energy supply.
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Fig. 1.2. Annual growth rates of world renewable supply from 1990 to 2013.

Lack of conventional energy sources and concern about environmental pollution are
some of the reasons of this significant growth. As an important challenge, the target of
the European Union is to reach 20 % of energy production by RES in 2020.

In the case of photovoltaic (PV) energy we can distinguish between grid-connected
system and off-grid installation. In the first case, there are several possible typologies
according to the inverter configuration (central, string or module), to the number of
energy conversion stages and to the existence of transformer: transformer-based (at the
high or at the low frequency side) or transformer-less. Fig. 1.3 schematically shows
grid-connected photovoltaic installations.

Impedances
(output filter, lines,

Distribution network
DG transformer, ...)
converter 0 v 00
. . Zos ® g4
Vinv . 5° g

Fig. 1.3. General scheme of a grid-connected photovoltaic system.

The photovoltaic inverter is the key element in grid integration of PV systems because
it enables the efficient and flexible interconnection of different elements to the electric
power system. Aforementioned reasons have produced a fast rise in the number of
inverter-based Distributed Generators (DG) connected to the low-voltage distribution
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network. Hence the inverter will be a major player in future distributed power system
scenarios based on smartgrid and microgrid concepts.

For a long time, PV inverters’ function was merely to inject power into the main grid
with a unitary power factor as the control reference [2] but, under new trends and poli-
cies for PV plants, they are integrated as active and smart devices. In this way, PV
inverters would be able to contribute to the local voltage support, to improve the power
quality and to give rise to flexibility and security of supply. Some of those new de-
mands for inverters are power flow controls [3], voltage level restoration at the Point of
Common Coupling (PCC) [3]-[5], active filtering capabilities [5], integration with
energy storage systems [6] and communications compatibilities [7].

Due to the high cost of solar energy (although the cost of PV panels have dropped dur-
ing 2008 by around 40 % to levels under € 2/W), industry and research are aiming at
cost reductions and enhanced performance of the energy conversion process, with a
focus on the inverter topologies. The inverter is traditionally characterized by two-stage
converters composed by a dc-dc boost converter and the Voltage Source Inverter (VSI)
but, innovative ideas in terms of inverter circuitries have emerged during the last years.
Some of them seem quite suitable for PV applications because they can step up the dc
input voltage in a single power conversion stage by means of shoot-through (ST)
switching states. They are known as Z-Source Inverters (ZSI) [8], quasi-Z-Source In-
verters (qZSI) [9] and its derivations [10]. The ZSI/qZSI fulfils buck/boost capability
in single-stage topology and overcomes the limits of traditional VSIs. Hence, high
reliability, high efficiency, large operation range and low cost can be achieved.

Furthermore, ZSI family has been integrated with multilevel inverter (MLI) bridges
[11] to acquire their intrinsic advantages such as lower semiconductor voltage stress,
lower required blocking voltage capability, decreased dv/dt, better harmonic perfor-
mance, soft switching possibilities without additional components and higher switching
frequency due to lower switching losses, among others.

However, because of the relatively early stage, only few studies deal with the grid-
connected integration with closed loop control systems, which basically must provide
coexistence of an operation strategy of the inverter, a Maximum Power Point Tracking
(MPPT), a dc-link voltage control method and a special modulation technique to em-
bed the shoot-through states into the normal ones.

1.2 Thesis motivation

This thesis is a part of the research project dealing with the development of new con-
cept of photovoltaic inverters called “Smart Inverter for Distributed Energy Resources
(SIDER)”, launched in 2006 by University of Extremadura. This project, supported by
the Spanish Government, was divided into three subprojects that were carried out by
the University of Extremadura, University of Cordoba and University of Cadiz. The
different subprojects dealt with subjects regarding power control and quality through
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the power electronic devices, communication between different grid-connected devices
to develop new protection systems (special mention is on islanding detection) and sig-
nal processing for the detection and characterization of disturbances.

Focusing on the subproject developed by University of Extremadura, attention was
paid in the design and development of an inverter with the necessary topology, ele-
ments, control strategy, tracking technique and switching signal generation to provide
this new equipment with the characteristic to become a SIDER. It is interesting to high-
light two main functionalities that were implemented: 1) control of the voltage at the
point of common coupling (both the fundamental component and the harmonics) and
2) generation planning, trying to change the consideration of the power plant from non-
manageable to quasi-manageable (by using energy storage system).

During the development of this project, the possibility of getting a strategic collabora-
tion with Tallinn University of Technology raised up in 2012, with the main objective
of exploring new inverter topologies devoted to photovoltaic applications since the cost
reduction and enhanced performance of the energy conversion process are requested.
These specific research activities were supported by the project SIDER (TEC2010-
19242-C03.01) and the grant (BES-2011-043390) from the Ministry of Economy and
Competitiveness from Spain, the project (SF0140016s11) and the grants (ETF8538 and
ETF8687) from Estonian Ministry of Education and Research and the grant (COST
ACTION MP1004) from European Union.

From the technical point of view, this research lies in the new single stage inverter
topologies, suitable for PV applications since they have intrinsic advantages. In the
project SIDER the solution was based on a traditional topology, hence new and further
functionalities would appear. As a result, a new topology called “Three-Level Neutral-
Point-Clamped quasi-impedance Source Inverter” (3L-NPC-qZSI) both in single phase
and in three phase systems is proposed and validated experimentally, trying to get the
advantages of both qZS Networks (qZSN) and multilevel bridges. Besides a new mod-
ulation technique to generate the Shoot-Through (ST) switching signals and different
control strategies are investigated to increase the overall performance of the photovol-
taic energy conversion process.

1.3 Objectives of the thesis

The main goal of the PhD research is to develop a new single stage inverter topology
for PV applications, its modulation technique and control algorithms to improve the
traditional solutions.

The objectives of the PhD research are classified into two categories: general (related
to the PhD student education) and specific ones (related to the topic of dissertation):

10
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General objectives

- To go in depth and to extend the acquired knowledge during the development
of the SIDER project.

- To maintain and to reinforce the research collaboration with foreign universi-
ties.

- To increase the skills and experience of the PhD student and his research
group.

- To generate new useful knowledge and to publish the results in specific jour-
nals.

- To share the new developments and proposals to the industry.

- To define directions for future research and international research projects.

Specific objectives

- To analyse and classify the current state-of-the-art and trends both in single
stage buck/boost multilevel inverters and in their modulation techniques.

- To propose, to size and to validate a new single stage buck/boost multilevel
inverter and a new modulation technique.

- To develop different control strategies for this new inverter for photovoltaic
applications in grid-connected mode for it to behave as an active device.

1.4 Structure of the thesis
The framework of this PhD thesis is divided into 5 chapters and 1 appendix.

Chapter 2 summarizes and covers the different alternatives of the VSI topologies. Start-
ing from the different basic two-level traditional solutions for single phase and three-
phase applications, the review and description of the two-level inverter based on im-
pedance-Source-Network (ZSN), gZSN and its derived network are presented with the
focus of the boost operation in a single stage. Subsequently some of the well-known
multilevel bridges are classified and presented, in order to identify their main features
and advantages such as an improved quality of the voltage waveform and the optimiza-
tion of the power switches among others. Then, a deep review of the multilevel
buck/boost inverter reported in the literature is described because they inherit the ad-
vantages of inverters based on ZSN and multilevel configurations. Finally and starting
from the aforementioned basis, it is possible to test the new proposed 3L-NPC-qZSI.
The passive element sizing in both the power switching devices and the output filter
are explained to demonstrate how the prototypes were assembled.

Chapter 3 deals with the basics of the switching signal generation or modulation tech-
niques. At the beginning, the traditional sinusoidal Pulse-Width-Modulation (PWM) or
carrier based methods for two-level single-phase and three-phase VSIs are described.
In this last case the continuous and discontinuous pulse-width-modulation are distin-
guished, depending on the zero sequence voltage. Then, a classification of multilevel

11



Introduction

modulation methods as extension of the two-level is depicted. Right after it, the most
common modulation techniques oriented to two-level inverter based on ZSN are ex-
plained. These ones have a main particular feature, an additional state called the shoot-
through state, which produces the simultaneous conduction of switches of the same
phase branch to boost the input voltage. According to the voltage gain or boost factor,
the simple boost control, the maximum constant boost control and the maximum boost
control are compared. Finally, a deep and updated review of the modulation methods
for multilevel impedance source inverters (based on sinusoidal pulse-width-modulation
or space vector modulation) allows understanding the new proposed techniques both in
single phase and in three phase configuration. Their principle of operation is explained
in detail and experimentally validated.

Chapter 4 is intended to the operation strategies for performing grid-connected active
functions for the new proposed “three-level neutral-point-clamped quasi-impedance
source inverter”. Based on mature control strategies for traditional grid-connected in-
verters, several new control strategies based on closed control loops along with differ-
ent dc-link voltage control loops have been developed and explained. The first opera-
tion functionality is devoted to regulate the injected active and reactive power into the
electrical grid, where different approaches were taken into account as well as the max-
imum power point tracking algorithm. Then its integration with energy storage system
is presented and discussed for a better management of the active power between the
photovoltaic plant, the storage system and the grid. Finally the capability of this new
inverter to develop active filtering functions is studied, and a new control strategy is
derived from the traditional approaches.

Chapter 5 summarizes the key results that have been obtained during the research and
the possible continuations or future research works are highlighted.

Since the PhD is based on the different papers that the author has published, Appendix
contains the book chapters, journal papers and conference contributions directly con-
nected to the topic of dissertation and they are considered as an extension or continua-
tion of the different chapters. Some special citations to these publications are remarked
during the chapters, providing further details about this PhD research.

1.5 Results, novelties and dissemination

This section presents the most important findings obtained during the PhD research. As
main scientific novelties, the following ones are highlighted:

- Analysis of the current state-of-the-art of the multilevel buck/boost inverter
topologies.

- Analysis of the current state-of-the-art of the multilevel buck/boost inverter
modulation techniques.

12
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- Proposal, validation and assembly of a new topology for this family of con-
verters, called “three-level neutral-point-clamped quasi-impedance source in-
verter” in single phase and three-phase version.

- Development and validation of new modulation techniques for this family of
inverters that generate the traditional switching states and the ST states.

- Proposal and validation of new maximum power point tracking algorithms for
this system.

- Development and proposal of new operation strategies based on different con-
trol variables to deliver active power and reactive power regulation and active
filtering capabilities for this new inverter, to integrate it as active device into
the electrical grid, along with dc-link voltage control methods.

The results obtained during the PhD research have been reported at 2 book chapters
and published in 14 journal papers, in 15 international conferences and in 8 national
conferences. 11 of the journal papers are published in journals included in the JCR list.
The conference contributions were peer-reviewed and the majority of them are availa-
ble in IEEE database. The most important papers directly connected to the topic of this
PhD are listed and added in the Appendix. In addition, one co-authored patent applica-
tion was submitted to the European patent office.

Concurrently, in terms of international collaboration of the University of Extremadura,
this coordinate research has permitted the mobility and cooperation between different
members of the group that the author belongs to, and members of Tallinn University of
Technology (Estonia) and Aalborg University (Denmark) besides other European uni-
versities and institutions. It has also helped to apply for new collaborative and interna-
tional projects in different calls for future research and development.

13






Chapter 2

Three-Level Neutral-

Point-Clamped qZSI
Topology

2.1 Introduction

Power electronic converters that change dc voltages and currents to ac waveforms are
known as inverters. Their main objective is to build, from one or multiple dc power
supplies, an ac switched pattern output waveform, with a fundamental component with
adjustable phase, frequency and amplitude to deal with a certain application. This con-
cept is represented in Fig. 2.1, for a generic dc variable x,., normally current or voltage.
Ay represents a constant amplitude of x,. In the other side, 4,., fand 6 are the adjusta-
ble amplitude, frequency and phase of the fundamental component of the switched ac
variable (y,.). This procedure is achieved by the proper control of the static power
switches that interconnect the dc source to the ac load/grid, using the different configu-
rations or conduction states provided by a certain topology.

Inverter

A A

‘ Xde dc dc
e

A, |, 0 Yac

ac
HControl/modulation

Fig. 2.1. Principle of operation of an inverter.
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The dc power supplies can be either current or voltage sources, dividing the inverter
family into two main traditional groups: current source inverter (CSI) and VSI, as de-
picted in Fig. 2.2. This figure also classifies the different type of CSI and VSI topolo-
gies depending on their power range of application. On the one hand, CSI have domi-
nated the medium-voltage high-power range with the PWM-CSI and the load-
commutated inverter (LCI) [12]. On the other hand, VSIs are widely found in low-and
medium- power applications with single-phase and three-phase two-level VSI. Finally,
VSI has been also proposed as an attractive solution in the medium-voltage high-power
range by means of multilevel topologies [13].

dc-ac converters

(inverters)
|
v v
Current source inverters Voltage source inverters
(CSI) (VSI)
& &

v 4 v v

PWM-CSI| | Load commutated Multilevel Traditional 2-level
inverter inverters VSI
] ]

—————— Low power
e High power

Fig. 2.2. Inverter topology traditional classification.

2.2  Two-level traditional VSI topologies

2.2.1 Single phase

Fig. 2.3 represents the half bridge, a) with IGBT and b) with MOSFET, considered as
the basic two-level single-phase inverter. It is composed by one inverter leg or branch,
containing two semiconductor switches (7; and 75) and two freewheeling diodes (D;
and D;) to provide a negative current path through the switch when necessary. It also
includes two capacitors to split the total dc link voltage and to provide a 0 V midpoint
for the load (also known as neutral point). The load is connected between this node and
the inverter leg output phase node a. P and N denote the positive and negative bus bars
respectively. The dc voltage source (a battery, fuel cell, rectifier, PV panel, etc.) is
represented by V..

The switches are controlled by binary gate signals (S7; and Sy,) which can be 1 or 0,
that represent the “on” or “off” state respectively. This control must be alternate to
avoid simultaneous conduction of 7; and 7, since it would short-circuit the dc link.
With a simple reasoning, it is easy to understand the deduced information in Table 2.1.
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The fact that there are only two possible output voltages is why this VSI is known as
two-level inverter.

o lid o lid
Vil2| + n V2| + T
T ST]J D, - ST/J' D,
Vdc -—OO a Vdc -—OO a
Vae2| + o Vie/2 &
—_— STJ D, — STZJI D,
o o
N N
(a) (@)

Fig. 2.3. a) Half-bridge inverter topology with IGBT. b) With MOSFET.

Table 2.1. Half-bridge switching and conduction states.

Switching | Gate sig- Output Conduction Output Semiconductor
voltage current .
state nal (S7;7) state . conducting
(Vao) (i)

(a) <0 D;

1 1 Va2
(b) >0 T;
(c) >0 D

2 0 ) ’
(d) <0 T,

Other important feature to mention is that the commutation of a power devices is not
instantaneous, hence a dead time has to be included before a switch-on, to avoid a sim-
ultaneous conduction between both switches. This dead time is just a little bit larger
than the switch-off commutation (for IGBT, this values is around two micro seconds).

Although S7; is a binary signal that generates two different states, there will be four
different conduction states depending on the current polarity, which determines wheth-
er the power switches or the diodes are conducting. The four conduction states are
represented in Fig. 2.4, where a hypothetical ac square-wave operation of the inverter
feeding an inductive load is considered. Note that it does not illustrate a real current
waveform for such voltage.

For semiconductor sizing considerations, while not conducting, the power switch is
blocking the total V. Therefore, this topology is more common in applications in the
low voltage range.
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Vae /2]

ao

Va2 s

Vae /21 +

ao

Va2l

(@ (b) (© (d)

Fig. 2.4. Half-bridge inverter conduction states when a) v, = V;/2 and i, <0, b) v,,= V,4/2 and i, > 0,
) Vo= -V4/2 and i, > 0 and d) v,,=- V;./2 and i,< 0.

Other alternative single-phase topology is the H-bridge VSI (also known as full-
bridge). Basically it is composed by two half-bridge inverter legs in parallel connection
to provide two output nodes a and b, to connect the load between them (as Fig. 2.5
shows). For this reason, the midpoint in the dc link is no longer necessary, hence just
one capacitor is required.

Since this inverter is controlled with two complementary binary signals (S7; and Sy,
Sr; and S7y), it generates 2? = 4 different switching states, which are illustrated in Fig.
2.6, and an arbitrary switching pattern is produced. Possible output voltage values and
switching states are summarized in Table 2.2.

A general expression for the output voltage is:

v, =Sy =SV, Su e{O,l} . (2.1)

Note that there are two switching combinations that generate both a zero voltage level.
This feature is known as redundancy, which can be used for other purpose since it does
not affect the voltage applied to the load.

Likewise in the previous topology, each power switch is blocking the total V,. when
not conducting. Therefore, like in the previous case, this topology is also limited to low
voltage range. Nevertheless, the H-bridge can be used as a basic module for larger
multilevel converters, with more voltage levels, suitable for medium-voltage applica-
tions [14].
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P
sl & s, &
Vae| £ t—Ca t—°b
NE €

° N

\J

- de‘

(a) (b) (c) (d)
Fig. 2.6. H-bridge switching states. a) v, = Ve, b) vy, =0, ¢) v, = -V, and d) v, = 0.

Table 2.2. H-bridge switching states.

Switching | Gatesig-  Gate sig- Output
state nal (Sr;) nal (S7;) voltage
1 1 0 Ve
2 1 1 0
3 0 1 Ve
4 0 0 0
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2.2.2 Three phase

The three-phase VSI is built with three paralleled inverter legs, as the same as shown
before for the half- and-H bridge, as depicted in Fig. 2.7. It has a similar operation.
Each inverter branch has its own binary and complementary signal for identical rea-
sons. The inverter phase output voltages can be obtained by

Voy =S5V, Sne{O,l}, x=a,b,c.. (2.2)
P
(e,
T[ D] T3 D3 Tj D5
| | O |
Vdc "':: ——O0— ——O0— ———O0—
T, D, | T4 D, | Ts Dy
sl A |slC A s B
(e,
N a T b C
Va’l
n

Fig. 2.7. Full-bridge three-phase VSI topology (with Y-connected load).

Since this topology is controlled with three binary signals, 2°=8 different states are
possible. They are listed in Table 2.3, where both the corresponding phase output volt-
age and the space vectors have has been included along their representation in the a-f
complex plane. Each voltage reference vector can be computed and the resulting vector
is mapped in this a-f complex plane as

V;ngdc[Sn+aST3+a2ST5J,a:—%L e (2.3)
As main feature, this configuration produces a switched ac waveform between 0 and
V4, unlike the previous single-phase inverters, where the output voltage is + V,./2.
Therefore the three-phase inverter has a dc component equal to V,./2. However this dc
offset is common to the three phases hence, due to the connection, it does not appear in
the line to line and load voltage values.
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Table 2.3. Two-level three-phase VSI switching states.

Gate signal (S;;)  Output voltage
Representation in
Space vector 1 "
ST] ST3 ST5 Van Vbn Ven a_ﬂ complex plane
1 0 0 0 0 0 fo Y
2 1 0 0 Ve 0 0 Ve .
3 1 1 0 Vie  Vae 0 fz e L)
4| 0 1 0 0 Ve O Vy =2y @07
5 0 1 1 Vdc Vdc 14 ——z 0 y:jc
6] 0 0 1 0 Vie fs iy @Y
7 1 0 1 Vie 0 Ve f6 oy, &/ 5713)
8 1 1 1 Ve Vae Ve f7 Y

While not conducting, each power switch blocks the total V., hence this topology is
restricted to low-voltage applications as well, and it is currently the dominating topolo-
gy in industry environments at this voltage level. Nevertheless, HV-IGBT, GTO, and
IGCT-based inverters or inverters with several IGBTs in series (for higher voltage) or
in parallel (for larger current), have made this topology also available in medium and
high voltage applications. In this context, this topology has the main drawbacks of high
voltage derivatives (dv/df), and larger switching losses produced by high switching
frequency. To solve this, special modulation techniques have been proposed in the
literature.

Finally, it should be remarked that multi-phase converters are built adding new paral-
leled inverter legs to this topology. Multi-phase system for variable speed drives have
become very attractive in some applications (locomotive, military, electric ship propul-
sion among others) due to higher power capability and improved reliability (fault-
tolerant systems) [15].

2.3 Two-level ZS dc/ac converter topologies

VSIs can just operate in buck mode and, in PV applications among others, voltage
boost operation requires an additional dc/dc boost converter in the input stage, which
makes the overall system more costly and harder to control. To obtain buck and boost
performance the focus is turned into a ZSI and qZSI in this section. The ZSI and qZSI
were firstly introduced in [8] and [9] respectively. Both topologies can buck and boost
dc-link voltage in a single stage without additional power switches.

21



Three-Level Neutral-Point-Clamped qZS Inverter Topology

The ZS1/qZSI can boost the input voltage in a single stage, by introducing a special ST
switching state, which is the simultaneous conduction (cross conduction) of both
switches of the same phase leg of the inverter. This switching state is forbidden for
traditional voltage source inverters because it causes a short circuit of the dc-link ca-
pacitors. However, the ZSI/qZSI has excellent immunity against the cross conduction
of top and bottom-side inverter switches. The possibility of using ST eliminates the
need for dead-times without having the risk of damaging the inverter circuit. The input
voltage is regulated only by adjusting the ST duty cycle (D;). In addition, the qZSI has
a continuous conduction mode (CCM) in the input current (input current never drops to
zero), which makes it especially suitable for renewable energy sources (e.g. fuel cells,
solar energy, wind energy, etc.).

The basic ZSN and qZSN are composed by two inductor (L; and L;), two capacitors
(C; and C;) and one diode (D;), which decouple the dc-link, as Fig. 2.8 a) and b) depict
respectively.

- To ac load
oltage or erid
gr1
Voltage source —— =
SOurce inverter
L
- - A . To ac load
oltage or erid
grl
Voltage v, e Ve source ——=>
SOUICE e inverter
qZ-source
(b)

Fig. 2.8. General representation of a) ZSI and b) qZSI.

Fig. 2.9 shows the equivalent circuits during non ST states ((a) and (c)), where the
inverter operates as a traditional one, with six active states and two zero states (for the
two-level three-phase VSI) (the diode is conducting during those switching pattern
signals). As shown in ((b) and (d)), during the shoot-through, the diode is switch off.
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Fig. 2.9. Equivalent circuits during nonshoot-through state a) ZSI, ¢) qZSI; and during shoot-through
state b) ZSI and d) qZSI.

As aforementioned, qZSI enables further improvements of the predecessor ZSI. Be-
sides the advantages inherited from the ZSI, the qZSI have merits such as reduced pas-
sive component ratings, continuous input current and a common dc rail between the
source and the inverter. qZSIs suit very well for renewable energy systems [16]-[22]
because of excellent performance and availability of all the requirements, in particular
for the PV systems. These inverters are capable of performing MPPT and inversion
with no need for an extra dc/dc converter. Furthermore, continuous input current makes
them especially suitable for fuel cell applications [16].

Due to the remarkable features of ZS1/qZSI, researchers have paid a lot of attention on
new derived Z network. The majority of them are devoted to increase the voltage gain.
Fig. 2.10 shows different derived topologies.

Fig. 2.10 a) and b) represent two different capacitor-assisted extended-boost qZSIs
[23]. The first extension in Fig. 2.10 a) is a series of capacitor or diode connections to
the basic gZSN. The second extension has one more stage of series inductor and capac-
itors (Fig. 2.10 b)). The inductor L, in qZSN is replaced by two inductors and three
diodes, as Fig. 2.10 c) shows, forming a so-called switched-inductor qZSN (SL-qZSN)
[24]-[25]. By converting two separate inductors in a ¢ZSN into coupled inductors with
the turns ratio (n) higher than one, as shown in d), the trans-qZSN improves the voltage
gain [26]. Finally, Fig. 2.10 e) shows the inductor-capacitor-capacitor-transformer
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qZSN (LCCT-qZSN) [27]-[29]. It combines L, and C; into a unique two-port network
of high-frequency transformers (two coupled inductors Ly; and Lzy) and a blocking
capacitor C;.

To ac load
or grid

To ac load
or grid

To ac load
or grid

=~
3
I
I
p"
S

To ac load
or grid

To ac load
or grid

Vdc

©

Fig. 2.10. Some derived qZS inverters. a) First extension of the capacitor-assisted EB-qZSN, b) Sec-
ond extension of the capacitor-assisted EB-qZSN, c¢) SL-qZSN, d) trans-qZSN (n>1), ) LCCT-qZSN
(n>1).
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2.4 Multilevel dc/ac converter topologies

Several applications demand higher amount of power in different environments. To
reach high power levels, VSIs require an increase in their voltage operation above the
rated one, imposed by the semiconductor technology. The series connection of devices
can increase such voltage rating but, at the expense of higher dv/dt’s. Instead of con-
necting several power switches in series, multilevel inverter (MLI) arranges the semi-
conductors with additional dc-link capacitors to divide the total converter voltage to the
blocking limit of power switches. This operation procedure connects the voltage to the
load in sequences, improving the quality of the voltage waveform. Other advantages of
this configuration are: higher voltage operation (above classic switch limits), reduced
dv/dt and lower common mode voltage [30].

The dv/dt is reduced in a 1/ (k-1) fraction when using a multilevel structure, where % is
the number of output voltage levels. This also means that the voltage rating can be
increased (k-1) times for a specific semiconductor blocking limit, with the subsequent
increase of the power level.

These outstanding features make multilevel converters very attractive for high-power
applications (1-50 MW) that reach the medium-voltage level (2.3-10 kV). This section
presents a brief summary of some of the most common multilevel converter topologies
[11]. There is a number of multilevel converter topologies reported in the literature
(Fig. 2.11), but some of them are highlighted in industry: neutral-point-clamped (NPC)
or diode clamped, cascaded H-bridge (CHB) and flying capacitor (FC). They have been
successfully introduced as commercial products.

[ Multilevel inverter topologies |

Y v
[Neutral point clamped (NPC)| [ Flying capacitor (FC) | [Cascaded-H-bridge (CHB)| [ Other topologies |
H-bridge ¢ Stacked flying Equal DC sources J«—  [Modular multilevel
INPC (HNPC) capacitor converter (MMC)
Unequal DC |
Active NPC | sources Cascaded matrix
(ANPC) | converter (CMC) [
O v
3L-ANPC 5L-ANPC NPC + Qascaded <
H-bridge

Fig. 2.11. Multilevel inverter classification.

The NPC multilevel inverter [31] (a version of three-phase three-level NPC is depicted
in Fig. 2.12) is based on a modification of the classical two-level inverter where each
power switch blocks a voltage equal to V.. By adding two extra switches per phase
and two clamping diodes, it is possible to block V,./2 per switching device, hence the
converter will handle double nominal power. This topology can be extended to any
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number of levels with additional capacitors in the dc-link, additional switches and
clamping diodes.

P
(o,
Va2
Va’c o
Vdc /z
O

N

Fig. 2.12. Three-phase three-level NPC inverter.

However, the NPC topology presents an unequal distribution of the losses among pow-
er switches (the inner ones switch more times than the outer ones). This reason led to
develop the active NPC (ANPC) inverter [32] (Fig. 2.13). This topology replaces the
clamping diodes by clamping switches (IGCT in the figure) that allow the possibility to
equalize the losses between them. It improves the reliability among other features.

Instead of using clamping diodes to share the voltage stress among devices, the multi-
level FC inverter topology [33] uses several floating capacitors (Fig. 2.14 represents
the three-phase three-level version). Flying capacitor is also called the multicell con-
verter in order to show its high modularity (Fig. 2.15), where each cell is composed by
two switches and one capacitor (connected each pair of cells in series). It is easily de-
rived that each switch of a power cell is controlled in a complementary way.

In this topology, the voltage in the floating capacitors can be symmetrical or asymmet-
rical. This last case is not recommended since the voltage balancing of the capacitors is
more difficult and imposes different blocking voltage among the devices.
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Fig. 2.13. Three-phase three-level ANPC inverter.
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Fig. 2.14

. Three-phase three-level FC inverter.
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Fig. 2.15. Two-cell FC topology.

Other possible way to build a multilevel inverter is through the series connection of
several H-bridges [34] with their corresponding independent voltage sources, consid-
ered as the basic cell. This configuration is called as cascaded H-bridge (CHB). This
system presents a high modularity because the voltage is shared among different cells
and semiconductor devices.

Each cell requires and independent voltage source, which can be equal or unequal. In
the first case and considering two-cell cascaded H-bridges (Fig. 2.16), five output volt-
age levels are obtained. Unequal voltage increases the number of voltage levels, at the
expense of reducing both the redundancy states and the system modularity.

o,

T T

sl B sl &
Vae| +L_ a

T T,

STj < Srj Y
(o2

4

g I Dy

||t

Fig. 2.16. Two-cell CHB inverter.
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Another topology which is the current focus of industrial trends is the Modular Multi-
level Converter (MMC) [35] (see Fig. 2.17), mainly for HVDC systems. It is similar to
the CHB but, in this case, the series connection is between half-bridge structures with
floating dc-link capacitors. Inductors are connected at the end of each leg to prevent
undesirable transients. It is important to remark that voltage sensors are required for
balancing floating capacitors.

Other developed topologies are: the cascade matrix converter (CMC), the hybrid be-
tween the three-level NPC and single-phase H-bridge cells [36] (NPC-CHB) and the
hybrid between NPC and the H-bridge (H-NPC). This last configuration consists of the
connection in parallel of two three-level NPC legs which forms an H-bridge in each
phase of the system, with isolated dc sources.

‘s

T
A A LT
A AL LA
In de 4,_,__ de 4,_,__ « 4,

Fig. 2.17. MMC inverter.
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2.5 ZS multilevel dc/ac converter topologies

2.5.1 State of the art

It has been explained that some of the benefits of ZSN and its derived network are the
reduction of the energy conversion stages in some specific applications and that the
advantages of multilevel bridges are a reduced voltage stress that allows to use fast
semiconductors and smaller size of output filters among others. Because of that, recent
solutions based on the combination of both solutions are collected in this section as
previous stage to present our new solution.

Fig. 2.18 shows different three-level three-phase NPC topologies based on ZSN with
Discontinuous Conduction Mode (DCM) of the input current. The first single-stage
buck-boost MLI (Fig. 2.18 a)) was proposed in [37] as the logical extension of the two-
level inverter and ZSI. This configuration uses two ZSNs for boosting their input volt-
age to a higher dc-link voltage. It is easy to observe that this one is not the best solution
from the economical point of view, since it uses two isolated input voltage sources and
a number of passive elements, which can increase the cost, size and weight of the in-
verter. To decrease the number of passive components, the Z-source NPC inverter with
a single ZSN was proposed in [38]. However, this topology must also be supplied from
two input voltage sources (Fig. 2.18 b). In those topologies, the voltage boost is ex-
pressed as

Ve =7 V> (2.4)

Where Vjy is a dc input voltage.

By the introduction of the high-frequency transformer and two additional capacitors the
Z-source NPC inverter with a single ZSN could be supplied from a single input voltage
source (Fig. 2.18 ¢) [39]-[42]. Fig. 2.18 d) shows a similar solution with a double trans-
former and separated input voltage dc sources. The main difference lies in the boost
expression

1

VvV, =— .V . 2.5
de 1_(1+n)DS IN ( )

Using a transformer with » different from 1:1, an input voltage gain higher than that
with the traditional ZSN can be achieved.
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Fig. 2.18. 3L three-phase NPC topologies based on different ZSN. a) With two and separate Z-source
network and input voltage sources, b) With single ZSN and separate input voltage source, ¢) Trans-
former Z-source NPC with single input voltage source, d) Transformer Z-source NPC inverter with
separate input voltage sources, e) Generalization of power switch.

Fig. 2.19 a) shows a buck/boost four-level inverter. In this case each input power
source is distributed among several ZSNs. The idea was presented in [39] and it is an
example of extension of any ZSN to MLI based on the diode clamped configuration.
Because of the possibility to separately regulate the output voltage in each Z-source,
such MLIs are suitable to be applied in supply systems with locally dispersed energy
sources. Fig. 2.19 b) illustrates multiple dc-link sources as further extension of the idea
of the multilevel diode clamped topology [43] including just two ZSN.
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Fig. 2.19. a) Four-level Z-source inverter of Diode Clamped type. b) Five-level Z-source inverter of
Diode Clamped type.

Fig. 2.20 shows several modifications of the previous buck/boost MLI. Fig. 2.20 a)
shows the three-phase three-level DC-Link Cascaded (DCLC) inverter [44], where the
passive elements are the same as in NPC with two ZSN. The only difference between
the 3L NPC inverter and DCLC inverter consists in the asymmetrical blocking voltage
on the transistors and the absence of the clamping diodes. A variation based on dual
configuration is presented [44] in Fig. 2.20 b) and ¢), with two and single ZSN respec-
tively. Their dc-link voltage can be twice lower in the case of a n equal to 2. The main
difference between the dual solution with separated and single ZSN consists of the
power flow. In the second case, the number of passive components is a half, but their
size is larger.

Cascaded solutions based on the Z-source networks have already been presented [45]-
[46]. Simple cascading is described in [46]. Two ZSNs, two isolated input voltage
sources and two two-level full bridge (FB) inverters provide five-level output voltage
per single phase.

Fig. 2.21 shows the general structure of the most complex cascading of the hybrid-
sourced network in the 3L NPC [45]. Seven level Z-source based inverter is carried out
by means of cascading traditional, embedded and dc-link embedded voltage-type Z-
source that were proposed in [47]. This configuration requires three isolated input volt-
age sources and N networks.
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Fig. 2.20. Modifications of the 3L Z-source based inverters: a) 3L DCLC inverter with two Z-source
networks, b) 3L dual inverter with two Z-source networks, ¢) 3L dual inverter with single Z-source

network.
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Fig. 2.21 Seven-level Z-source based inverter.
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The total boost of this converter is:

1
V=V
“ 1-1+N)D, "

2

(2.6)
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where Vin=VtVinatVins.

This method requires that the number of N cascaded networks must always be odd with

the middle network notated as

_N+1
S

K 2.7
Other proposed cascaded configuration in [45] is based on N-1 additional capacitors
and 2(N-1) additional diodes for connecting N ZSN together at their respective dc-
links. This so called dc-link cascaded solution achieves very high boost performance

1
|/ — (2.8)

e N+1

(1-2-Dy) >

Paper [48] presents the description of a new inverter topology based on a mixture of
cascaded basic units and one FB (Fig. 2.22). The basic unit includes one ZSN, one
input dc voltage source and two switches generating two voltage levels. The basic unit
can operate in three modes: zero, active and ST states. In the ST state, both switches §;
and S, are conducting and the output voltage is zero. The active state is generating,
when only S; is conducting. Zero state corresponds to the S, conduction. In this solu-
tion, the overall number of power semiconductor switches is reduced with respect to
the traditional MLIs. This configuration allows that any N-level topology is achievable
due to the above described principle and also can be extended to three-phase systems.

Dy, L
g Tngal

Vini

Z-source

7

Z,-source

n)

Vinw

Fig. 2.22. Z-source-based MLI with reduction of switches.

34



Three-Level Neutral-Point-Clamped qZS Inverter Topology

Further development of the ZSN based buck-boost MLIs is by involving the trans-ZS
and trans-qZS inverters. In particular, Fig. 2.23 shows two 3L NPC solutions [49].The
circuit configuration of the trans-Z-source NPC inverter is shown in Fig. 2.23 a) and
Fig. 2.23 b) shows the circuit configuration with the trans-quasi-Z-source NPC invert-
er, where the only difference is the location of the input voltage source. Both of them
consist of a transformer to replace the two inductors in the original ZSN and removing
one capacitor from it. This can enhance the boosting capability of the ZSN and reduce
one passive component, with lower size and cost of system consequently.

The main difference between the first and second approach consists in the input current
waveform, which corresponds to a CCM in the second case.

Recently another trans-Z-source NPC inverter was proposed in [50] and depicted in
Fig. 2.24 a). Fig. 2.24 b) shows the I'-source inverter that was proposed in the same
paper. Input voltage boost for the first topology is equal to (2.4) but, for the second
one:

Vi =V 29)
1= "D,
Vini
D, Ty | Ts|, Ty
T B
Dy, ] B
N
>l p o
. T, 2
Tigly |2 LA )
: : :
b= 11 @)
Tl |3 ; |/|T3 I
VOUT(a,b,c)
Vourap,e
Dg 7
Ty 4T,
P V1N2n4 015
(b)

Fig. 2.23. a) 3L NPC trans-Z-source inverter and b) 3L NPC trans-quasi-Z-source inverter.

35



Three-Level Neutral-Point-Clamped qZS Inverter Topology

Ty
5 5
E Tij =
=9
5 3
) A
&) Jul, |8
Voutase Vouras.e
4 T8 TIZ

(a) (b)

Fig. 2.24 a) Other 3L NPC trans-Z-source inverter and b) 3L NPC - I source inverter.

2.5.2 Proposed three-level neutral-point-clamped qZS dc/ac converter topology

This section presents the novel three-level neutral-point-clamped quasi-Z-source in-
verter as a new member of the single-stage buck-boost multilevel inverter family [d],
[e] and [f]. The topology is derived by combining the properties of the qZS with those
of a three-level NPC inverter. To summarize:

Advantages of qZN:

- single-stage buck-boost power conversion

- continuous input current

- reduced passive component ratings

- common dc rail between the source and the inverter
- short-circuit immunity

- eliminates the need for dead-times

- better THD

- wider input voltage regulation range.

Advantages of 3L NPC:

- lower semiconductor voltage stress

- lower required blocking voltage capability
- decreased dv/dt

- better harmonic performance

- soft switching possibilities

- higher switching frequency.

This solution inherits both previous intrinsic advantages. In PV applications, a continu-
ous input current is required to reduce the stress of the input voltage source (PV panel)
and usually a voltage boost by means of a dc-dc boost converter with wide range of
input voltage regulation (due to irradiance and temperature influences) is needed as
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well. This new configuration presents availability of all these requirements. The core
idea is to combine two symmetrical qZS networks with a NPC ML bridge. The twice
lower voltage stress on the semiconductors allows fast switches (e.g. MOSFETS) to be
used, which leads to high switching frequency and better power density. Moreover, the
power source can be single or separated by means of the neutral point.

Single-phase version

This section summarizes the operation principle of the system of a single-phase 3L-
NPC-qZSI (Fig. 2.25). It consists of two complementary switch pairs for every leg and
four clamping diodes. Two identical QZSNs have a common node between the capaci-
tors C, and Cj3, forming the neutral point of the topology.

T
L D, L
oy DT
NS
1
I/IN o a b ET_.;
£ Vour
I C3 T3 T7 8
eSS <t
(P |
N
L; Dy, Ly
(e, W m ’W_ T4 Tg
=
-

|

[
Fig. 2.25. New proposed quasi-Z source NPC inverter: single phase case study system.

The different switching states per branch in qZS NPC inverter are summarized in Fig.

2.26. The fundamental period in the single phase system can be divided into eight time

intervals, separated in three modes: active states, zero states and ST states. To estimate

the component values, the steady state analysis is performed by means of voltage bal-
ance across the inductors and current balance across the capacitors:

1 et+T 1 g7,

?L v, (¢)dt zoand;jt i (dt=0. (2.10)
Where v;; is the instantaneous voltage across an inductance i, i¢; is the instantaneous
current across a capacitor i and 7 is the fundamental period.

In the CCM, the full switching period is expressed as

t, t, t
—;+?Z+%:DA+DZ+DS:1 (2.11)
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@ (b) © (d)

Fig. 2.26. Different switching states per branch in the gZS NPC inverter. a) u,, = B (V4/2). b) u,, = 0.

C) Uy =- B (V;/2). d) ST state.

where t4, t; and tg are the time duration of the active, zero and ST states respectively
and D, is the duty cycle of the active state, D is the duty cycle of the zero state and Dy

is the duty cycle of ST.

The sum of the capacitors voltages defines the peak value of the dc-link voltage

Vie =Ver +Vey + Ve + Ve,

(2.12)

where V; defines the average voltage across the capacitors over one fundamental peri-

od (considered as constant).
Assuming that the gZSN is symmetrical, we obtain
L=L, L~=L,
C =C,, C, =C,.
Correspondingly, the voltage values are
Vi =V,3, Vi =V,4,
Ve =Vess Ve, =Ves.
The capacitors voltage values are obtained from assuming V;;= 0 (2.10)

1 1
V= ;J.VLI (tydt = ;((ch -

14

V.
5 3w, -, +
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1 1
VLz =;J-VL2(t)dt =?(V61 tA 'ch ts) =VC1 DA 'ch Ds =0. (2'18)

Taking into account the conditions presented above, we obtain the voltage across the
capacitors:

D,V

Va=Ves =510 5’S (2.19)
7, (1-D
Ve =Vey = TDSS) . (2.20)
The final equation for the boost factor can be expressed as follows
B:Q:ch+ch+VC3+Vc4 _ 1 2.21)
v, v, 1-2D,

in in

More detailed mathematical foundations along the equivalent circuits in each time
interval are exposed in paper [d] and [f] in appendix.

For dimensioning the passive components of the qZSN, it is necessary to take into
account the low frequency pulsation (at 100 Hz) of single phase systems in the dc side
along the high switching frequency ripples. Low frequency fluctuations are produced
by the instantaneous value of the output power (Fig. 2.27 a)). The high frequency rip-
ples are mostly caused by the high frequency generation of the ST states (Fig. 2.27).
CCM will be also assumed.

In a simplified approach, high switching frequency is neglected to estimate low fre-
quency ripples. In this case the output current is represented as an ideal ac current
(ipc~) source equal to the fundamental component of the dc-link current.

E)zﬂﬁ

sin(4r ~¢-7), (2.22)
2 37 Vour T 2

. . 1
ipe. T C_ Max sm(47r?t -

where Poyr and Voyr are the output power and voltage respectively. Assuming that the
CCM is achieved and the qZSN is symmetrical, we can represent the converter behav-
iour by a simple equivalent circuit (Fig. 2.27 ¢)) for an ac component.

In a general case, in the conditions above, we can define the ac component of the input
current (i;;~) as

. . 1 =z
i, = IDC*MM sin 47r;t - E

X

Cc2

.
Xcz +XL1 +R| kY14

our

1

J24p, T sin(4z—1- )
r 2 . (2.23)

JI6ZCIR +(167°C,L, -T*)’
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inc = Ipctipc~
P,

Fig. 2.27. a) Idealised operating waveforms at low frequency view. b) At high frequency. ¢) Equiva-
lent circuit.

It should be noted that R represents the resistive part of each inductance of the qZSNs.
Equal values of resistance are assumed to simplify the equations.

The average input current is obtained by means of power balance, where we assume
that Poyr is approximately equal to the input power (Ppy):

Py =Vl = Eyyp . (2.24)
Low frequency input current ripple factor (K;;;) can be calculated as

A

K _iL$~l}.\L1~VIN ~ 8(1_2D5)T2
"Ly Py 3r(1-DO167° C2 R + (1677 C, L —TY:

The ac voltage component of the capacitors C; and C, can be expressed similarly as

(2.25)

(XLZ +R)XCI —
X +X,+R

(4zTL,+RT?)
“lpc-- 2 2 p2 2 22
J167° C?-R* +(162° G, L, ~ T?)

Low frequency voltage ripple factor (K¢;;) for capacitors C; and C, can be obtained
from egs. (2.18) and (2.25)

(2.26)

Vero -

A _ 2
Koy = o 8 Four (- DICrT L+ R T) (2.27)

Voo 37V}, D167° C R +(167° C, L, -T*)
Voltage ripple factor for capacitors C, and C; (K¢;,) as well as the current ripple factor
for inductors L, and L, (K;;,) can be derived in a similar way. The final expressions are
as follows

K, =ho 84-2D)7° (2.28)
LL2 . .
Iy 3z(1-Do\167° C} R* +(167° C, L, — T*)*
A 2
K, = Ver 8- P, (4rTL +RT") ' (2.29)

Ver 3V, \162° C2 R +(1672°C, L, — T*)?
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Those previous expressions allow to calculate the values of passive elements taking
into account the predefined low frequency ripples (100 Hz) of voltage and currents.

To determine the values of passive elements taking into account the high frequency
ripples it is necessary to study the ST interval.

4y dt =(—2 9T, D, (230
)l =EEEEEE T D (230)

J-(V+V+V Viy +Ve + Ve

where T, is the sw1tch1ng perlod.
We can express the high switching frequency current ripple factor K, as

:A]L] ~ VZOUT(I_ZDS)
! 211N 2'(1_DS)L1P0UT

K T, D, 2.31)

to finally achieve

L VZOUT (1-2D )
2
2. (1 D )KLHI our
From the last equation we can estimate the minimum inductance value to maintain high
switching frequency ripples in the input current, that is a condition of the CCM opera-

tion. The sum of low and high frequency input current ripples should be smaller than
the average input current /;y. The obtained value is used for each L; as generalization.

T, D;. (2.32)

More detailed mathematical equations related to the passive element sizing are re-
vealed in paper [d] and [f] in appendix.

Three-phase version

The three-phase version of the proposed topology is depicted in Fig. 2.28. The configu-
ration is based on two symmetrical ¢ZSN with a common node between the capacitors

C, and Cj3, forming the neutral point of the topology as in the previous case. Inverter
bridge is extended with the parallel connection of one more branch.

L D L
‘ = I 8 69
R %
S
=
£t
TG 7, TehT1g 5
Viv 0 E'
— &
1 G ./‘TJ TZ’T“ 8
S 1<T
i< 1%
0UT(@b,e)
Ly Dy, Ly D;'<" ‘
°—W_i‘5°_] TATM 12
lc"_, ATs

Fig. 2.28. New proposed quasi-Z source NPC inverter: Three phase case study system.
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The possible voltage levels or switching states per branch are the same than in the pre-
vious case. Now, due to the three branches we have 3°=27 possible switching states
and the ST. All of them can be classified in active states, zero states and ST states as
well. These states are generalized in equivalent circuits of Fig. 2.29.

The same approach as before is done since the equivalent phase-to-neutral circuit
matches with the single phase version. The analysis of the steady state by means of
voltage balance across the inductors and current balance across the capacitors is simi-
lar, where we obtained expressions (2.18) to (2.20) to define the voltage in capacitors
and B.

iy ol irs —y

Vi Vv, Vil C

Vin ver : £2 L2 N Ve + C2
_ + | jl:
C

L
Vi sl
[ D
Ve _4:£3 R ) Ve ;
L; Ly 14 i3 Ls
._J°’6'\—<—.
2 VL3

w

Fig. 2.29. Equivalent circuits. a) Zero states. b) Active states. ¢) ST states.

Anyway, the steady state analysis of three-phase case is detailed in paper e) in appen-
dix.

To estimate the value of passive components of qZN we do not take into account the
low frequency ripple at 100 Hz at the dc side in this case. Just the high frequency ripple
connected related to the ST states will be the criteria for dimensioning such elements.

As in equation (2.29) for dimensioning the single phase inverter, we can obtain an
expression to obtain the minimum value of the inductance in order to guarantee a ripple
in the inductor current to maintain the CCM operation, once defined a predefined ripple
(Kp). Itis:

5 AV 0y 1-2D5)

(- DS)KLPOUT
The inductance value condition obtained is assumed for each L;. Similar high frequen-
cy ripple basis for capacitors can be derived. Calculating the capacitor voltage ripples

(AV,; and AV,;) and maintaining a desired voltage ripple factors (K¢; and Kc;), the
final equations are

T,D . (2.33)

and (2.34)

C=C > TSPOUT(I'DS)2
bt ak Vg, (1-2Dy)
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C,=C,> TSPO”TZ(l'DS)DS . (2.35)
4K, Vi (1-2D;)

More details about calculating of passive elements of three-phase system are available
in paper [e] of the appendix.

Output filter design

In this section the method to estimate the value of components that make up the output
filter of the proposed 3L-NPC-qZI will be summarized. First of all some approaches
well known in the literature [51]-[76] will be introduced.

L-filter is the simplest solution [51]-[55]. The main drawbacks of the L-filter are its
large size inductor and low output voltage quality in open-loop control mode. Overall
size can be reduced using an LC or LCL-output filter. A general scheme of a grid-
connected PV system and configurations of different output filters are represented in
Fig. 2.30 a), b), c¢) and d) respectively.

: DC/AC
ﬂ —> Interface |}, Output
i .
Converter Filter

Cr TC}‘ % d
Ly
O _ O O O

(b) (©) (d)

Fig. 2.30. a) General scheme of a grid-connected PV system. b) LC-filter. ¢) LCL-filter and d) LLCL-
filter.

LC-filter is also a possible solution but it is mainly used in off-grid systems [55]-[60].
Moreover, any grid has its own internal inductance L,, therefore an LC-filter cannot be
considered for use in a grid-connected system as it is. LCL-filter satisfies the grid inter-
connection standards with a significantly smaller size and cost, but it might be more
difficult to keep the system stable [61]-[74]. In contrast to the LCL-filter, the LLCL-
filter [75]-[76] has nearly zero impedance at the switching frequency and can strongly
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attenuate the harmonic currents around the switching frequency. To avoid stability
problems in high order filters in the closed-loop control mode, damping methods are
used. These methods are classified as passive or active. In the first case, generally, a
resistor is added in series to the capacitor or in parallel to the grid inductor. The active
damping method is based on the modification of the control system for resonance miti-
gation [68]-[71].

A criterion to design a L or LCL-filter is based on the current ripple at the switching
frequency, considering that the inverter is a harmonic generator and the grid is a short-
circuit [52],[60] and [62]. Their equivalent schemes are represented in Fig. 2.31 a) and

b).

iConverter Side§ Output Filter Grid Side

L L I, Lo

(a)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

(b)
Fig. 2.31. Equivalent circuit of a) L-filter and b) LCL-filter.
Obtaining the transfer function in the frequency domain of the circuit in Fig. 2.31 a),

and assuming that the power factor is equal to 1, it is easily derived that the minimum
inductance value that satisfy a certain current Total Harmonic Distortion (THD)) is

I/i (hsw) : Vg

0 2 , (2.36)
o, -h,, - P-THD,

where V; (hy,) is the RMS output voltage component at the switching frequency, V, is
the RMS grid voltage value, ), is the fundamental pulsation, 4, is the switching har-
monic order, P is the rated power and THD; is the total current harmonic distortion.
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By solving the equivalent circuit of Fig. 2.31 b) it is possible to obtain the third-order
transfer function of the grid-connected inverter with LCL-filter, assuming that L=
Lg/+Lg. It is also necessary to ensure that the resonance frequency f. will within a
range between ten times the line frequency f; and half the switching frequency f;,, in
order to avoid resonance problems [60]-[62]

1 L +L
fro =—.|——— and (2.37)
2w Lg-Ll.-Cf

10- £, < f.. s% (2.38)

We can determine L, as a function of L;, using the index r for the relation between both
inductances [61]-[63]

L=r-L. (2.39)

Assuming that f,., is determined and that the capacitor value (Cy) is limited to decrease
the capacitive reactive power, it is possible to determine a quadratic expression for
index r as (L represents a weighted inductance)

rPColh.C,—L)—(Lalh.,C, + L)+

V,-(hsw)'Vg je (2.40)
P-THD,w h

W

+r(2Ll 2 C, ~2L -

According to that approach, we can define the value of the capacitor and the index r,
which provides a complete definition of the output filter. More details about the tradi-
tional mathematical foundations for calculating L or LCL-output filter are available in
section II of paper [¢] attached in appendix.

This aforementioned methodology is mainly based on the high frequency current rip-
ple. The new approach assumes that, at any moment, the waveform of the injected
current is defined by the voltage difference between the inverter side and the grid side.
In the case of an ideal grid with negligibly low impedance, the voltage waveform in
PCC is sinusoidal (Fig. 2.32 a). In the case of an off-grid system with a resistive load,
the waveform of the output voltage has a fundamental component and high frequency
ripple similar to the output current waveform (Fig. 2.32 b). Assuming that high fre-
quency ripple is relatively low and that the output voltage on the resistor has pure si-
nusoidal waveform, the current will be the same as in the case of the grid-connected
inverter and we can use the voltage approach for the grid-connected system as well.
Therefore we can represent the grid side as an equivalent inductance in series with a
passive resistor that corresponds to the nominal power (Fig. 2.32 ¢).
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Output Filter Grid
L Ly I, | L2 side
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©

Fig. 2.32. a) Voltage and current waveforms of the grid-connected, b) islanding mode system and c)
equivalent grid-connected converter with output filter at rated power.

In this method the goal is to maintain the Total Harmonic Distortion of the Voltage
(THDy) in a desired value and the analysis is based on the first-order and third-order
voltage transfer functions in the frequency domain (K;(s) and K;c;(s)). A similar ap-
proach is revealed in [57] but with different optimization criteria.

The minimum inductance value based on this new methodology is given by

L. > RL’\/I/iz(hxw)_ng THD[%
' V,THD, w h

sw

(2.41)

Where R, is the resistance that corresponds to the rated power. Note that L, is consid-
ered the sum of ; and L,.

Similarly to the current transfer function design approach in LCL sizing procedure, it is
possible to obtain an expression to determine both the L, and L; as a function of 7.

1

K, (hy, )= (2.42)

1+7r)I? .
ch)\/1+wfh§W(Rf

L

1+r

(1- a)lzth
r

Mathematical basis and calculations for this new proposed methodology both in L-filter
and LCL-filter cases are well described in paper [c] of the appendix.

Semiconductor selections

The voltage and current stresses across the components are the key parameters for di-
mensioning semiconductors. In our multilevel configuration, voltage stress on the tran-
sistors, as well as on the diodes, is equal to half the dc-link voltage as previously justi-
fied.

Two different technologies for semiconductors are selected for the single-phase topol-
ogy and three-phase respectively. For the single phase version, high switching frequen-
cy MOSFETs with fast body diodes and hyper fast qZS diodes allow the switching
frequency to be raised up to 100 kHz, so reducing the size of the passive components
and increasing the power density of the converter.
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For the three-phase system we have as main difference the double dc-link voltage. For
normalized voltages, to generate 325 V as peak value it is usually required 650 V in the
dc-link (this value can be reduced by injecting third harmonic). As dimensioning crite-
ria, in order to provide an input voltage range regulation from 300 V up to 800 V
(boost and buck mode), semiconductors must withstand the dc-link voltage in a range
of 650 V - 1000 V approximately. In the worst case, it means that the maximum volt-
age stress on the transistors and on all the diodes is equal to 500 V (half the maximum
dc-link voltage). There are several appropriate semiconductor solutions. Classical
IGBT can be used. The main advantage of this solution is its reliability. The drawback
lies in a low switching frequency that forces the use of larger passive elements. Recent-
ly, MOSFETs based on SiC have appeared as a new family of fast high-voltage switch-
es. Derived from experimental investigations of the dc-dc and dc-ac converters based
on the qZS network [77]-[78], it can be concluded that among every solutions for the
qZS diode, only Shottky diodes suit. Because of relatively high voltage, SiC based
Shottky diodes can be used.

Prototype assembling

The control system of both prototypes (single-phase and three-phase) is based on
FPGA. FPGA makes it easier to implement the ST mode that is important for the given
topology. The structure of the converters consists of four main PCB boards (qZSN,
inverter, measurement and control board) and external output filter in each case, finally
assembled in a 3U box. Such structure has very high flexibility and repairability.

Full parameters for the single-phase case that guarantee full CCM in the defined oper-
ating range, according to previous sections are summarized in Table 2.4.

Table 2.4. System parameters of single-phase prototype.

Element Value or type
Control Unit (FPGA) Cyclone 11 EP2C5T144C8
Transistor Driver Chip ACPL-H312
Transistors SPW24N60C3
gZS and NPC diodes S8ETHO6PBF
Input DC voltage 220-325V
Output AC RMS voltage 230V
Output power 1 kW
Capacitance value of the capacitors C; and C, 1.2 mF
Capacitance value of the capacitors C, and C; 0.94 mF
Inductance value of the inductors L; ... Ly 180 uH
Inductance of the filter inductor 2.2mH
Capacitance of the filter capacitor 0.47 pF
Switching frequency 100 kHz
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For the three-phase system, it is necessary to point out that is based on SiC semicon-
ductor technology. Because of that, we explain with more details its components. The
first board is a 3-phase 3-level NPC inverter. Transistors along with clamping diodes
are located close to the radiator. Since the losses are very low, radiators are small and
additional fans are not required. Drivers (ACPL H342) of the transistors are located on
the top side of the board.

The second board consist of the qZS capacitors (EZPE50117MTA) and gZS diodes,
which compose the qZN.

Measurement board is made up with current (LTS 15-NP) and voltage sensors (LV25-
P) by LEM. Operational amplifiers (LT1492CS8) and AD converters (LTC1864) by
Linear Technologies that send data to the control board are also included there.

The FPGA (located in the control board) is responsible for all the control algorithms
while the microcontroller is responsible for the communication capabilities of the con-
verter.

Full parameters for the three-phase case that guarantee full CCM in the defined operat-
ing range, according to previous sections are summarized in Table 2.5.

Table 2.5. System parameters of three-phase prototype.

Element Value or type
Control Unit (FPGA) Cyclon IV EP4CE22E22C8
Transistors Driver Chip ACPL-H342
Transistors SiC C2M0080120D
gZS and NPC diodes SiC C3D10065A
Input dc voltage 300-800 V
Output ac RMS voltage 230V
Output power 5kW
THDy, <8%
Capacitance value of the capacitors C; and C, 200 pF
Capacitance value of the capacitors C; and C; 200 pF
Inductance value of the inductors L; ... Ly 0.9 mH
Inductance of the filter inductor 0.5/0.2 mH
Capacitance of the filter capacitor 0.47 pF
Switching frequency 100 kHz

Pictures of both prototypes (single and three-phase) assembled are represented in Fig.
2.33 a) and Fig. 2.33 b) respectively.
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Measurement board
NPC board
Clamping dloces Control board
7S board Output filter
! o - Trans. driver circuits

]

gZS board Cooling fans

(@)
Output filter

Control board
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Fig. 2.33. Pictures of the final prototypes of 3L-NPC-qZSI. a) Single-phase system. b) Three-phase
system.
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Chapter 3

Modulation Techniques
for Three-Level
Neutral-Point-Clamped
qZ.S Inverter

3.1 Introduction

As presented in the previous chapter, VSIs produce several constant output voltage
levels. Therefore, in order to build an arbitrary voltage waveform, the inverter has to be
controlled alternating the different voltage levels in such a way that the time average
(in a switching period) of the switched voltage waveform, or its fundamental compo-
nent, approximates the desired voltage reference. This procedure is known as modula-
tion, and over the years many different methods have been proposed and used both in
industrial and in academia applications. They have different operating principles, im-
plementation schemes and performance and the selection of a specific one is in direct
relation to the type of application, its power range, and its dynamic requirements.

3.2  Two-level modulation techniques

The square-wave operation is the most basic and easy to implement modulation
scheme for the VSI [79]. As its name suggests, the core idea is to generate an ac square
output waveform with the desired frequency. This is achieved by a very simple control
strategy based on the comparison between the reference and zero. Note that the square-
waveform operation can be used for the single-phase half-bridge, the single-phase H-
bridge and a three-phase two-level VSI. Both single-phase solutions have even worse
THDy than the three-phase solution and have little practical use: the low power quality
is the price to pay for implementation simplicity and efficiency, since devices switch at
fundamental switching frequency.
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Sinusoidal pulse-width modulation (PWM), also known as carrier-based modulation
methods are the most widely applied modulation schemes for power converters. The
main reasons are their simple implementation and good power quality. On the weak
side is the need of higher switching frequencies that affect the system efficiency by
introducing higher switching losses. On the other hand, if the switching frequency is
low, the size, volume and cost of passive elements increase, hence, a trade-off between
the power losses and the passive element design cost has to be done. The core idea
behind PWM, is to alternate between the different switching states of the inverter in
such a way that the time average of the switched voltage waveform equals the desired
reference. The modulation is performed by changing the width of the pulses, also
known as duty cycle.

Single phase sinusoidal PWM can be classified into categories: bipolar, unipolar and
hybrid. For the first one, the output voltage switches between the negative and positive
output voltage, while in unipolar the output voltage switches between zero and the
positive or the negative output voltage of the inverter. Bipolar PWM techniques can be
seen in different applications of single-phase half-bridge and H-bridge topologies while
unipolar PWM requires an H-bridge solution. Fig. 3.1 represents the implementation
schemes and basic waveforms of a) bipolar, b) unipolar and ¢) hybrid PWM techniques
for H-bridge solution.

Reference Reference Reference
ST, ] ST
> > 1
O = ped ===
Carrier Carrier Carrier
ST, @ o o
i
ST,

-0.5 -0.5] -0.5)

0 0.005 0.015 002 0 0.005 0.01 0.015 002 0 0.005 0.01 0.015 0.02

0.01
Time (s) Time (s) Time (s)
200y 200} “ N ‘ 200;
0f 0 0
N H =200

0.01 0.015 002770 0.005 0.01 0.015 002 "0 0.005 0.01 0.015 0.02
Time (s) Time (s) Time (s)

(2) O ©

-200f -200f

0 0.005

Fig. 3.1. Sinusoidal PWM for H-bridge topology: a) Bipolar PWM, b) Unipolar PWM, c¢) Hybrid
PWM.

The intuitive extension of the same bipolar PWM for single-phase half-bridge will
provide the switching pattern for the two-level three-phase VSI, where three reference
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signals are phase shifted in 120° among each other to obtain a balanced system. Fig.
3.2 illustrates the arranged control signals of the current case.

1

0 0.005 0.01 0.015 0.02
Time (s)

Fig. 3.2. Control signals involved in the modulation for two-level three-phase inverter.

Assuming that in two-level three-phase VSI, six active and two zero-sequence voltage
vectors can be generated and that in most three-phase applications, the neutral point is
isolated and no neutral current path exists, then any zero-sequence signal can be inject-
ed to the reference signals. Recognizing these properties, many researchers have been
investigating the zero-sequence signal injections and their proper selection to get dif-
ferent advantages. Depending on the form of the zero sequence voltage added, there are
different methods of interest. Those methods can be listed into continuous PWM
(CPWM) and discontinuous PWM (DPWM). In the first group the modulation waves
are always within the triangle peak boundaries and within every carrier cycle triangle
and modulation waves intersect, and, therefore, on and off switching occur. In the sec-
ond group, the modulation wave of a phase has at least one segment which is clamped
to the positive or negative dc rail for at most a total of 120°, therefore, within such
intervals the corresponding inverter branch presents discontinuous modulation. Since
no modulation implies null switching losses, the switching loss characteristics of
CPWM and DPWM methods are different.

Sinusoidal PWM with the third harmonic injection (THIPWM) allows increasing the
range of linear operation and decreasing the switching losses. If the third harmonic is
17% [81] of the fundamental one, the maximal linear range is obtained (THIPWM1/6)
and, if it is 25% [82] (THIPWM1/4), the minimal current harmonic content is
achieved. This technique is obviously into CPWM group and is represented in Fig. 3.3

a).

Other type of CPWM is as follows. The zero-sequence signal of space vector modula-
tion (SVPWM) [83] (Fig. 3.3 b)) compares the magnitudes of the three reference sig-
nals and selects the signal with minimum magnitude. Scaling this signal by 0.5, the
zero-sequence signal of SVPWM is found. This procedure also allows minimal current
harmonic contents as well as symmetrical placement of the zero vectors in the sam-
pling time.
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Fig. 3.3. Modulation waveforms of different PWM methods with zero sequence voltage addition
(4emy)- @) THIPWM, b) SVPWM, ¢) DPWMMAX and d) DPWMMIN.

120° DPWM is characterized by a reduction in the number of switching by 25%, but at
the expense of having nonuniform thermal stress on the semiconductor devices. De-
pending on which signal defines the zero sequence (maximum or minimum), it is pos-
sible to have DPWMMAX [84] and DPWMMIN respectively (Fig. 3.3 c¢) and d)). The
increased stress, due to 120° conduction of a switch, can be reduced by changing be-
tween DPWMMAX and DPWMMIN every 30°. It this way, four special and different
30° DPWM are highlighted, called DPWMO [85], DPWM1 [86], DPWM2 [87] and
DPWMS3 [88]. Fig. 3.4 a), b), ¢) and d) illustrate the main waveforms in each of these
zero-sequence signal generation methods respectively.
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Fig. 3.4. Modulation waveforms of different PWM methods. Continuation. a) DPWMO0, b) DPWMI,
¢) DPWM2 and d) DPWM3.
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33 Multilevel modulation techniques

The modulation techniques for two-level inverter have been extended for switching of
multilevel inverters. They can be classified according to switching frequency [11], as
Fig. 3.5 shows. In industrial applications and for high switching frequency, the sinus-
oidal PWM is very popular [89]-[91]. Here, instead of one triangular carrier, different
triangular carriers are used. In level shifted PWM, there are (k-/) identical carriers for
an k-level inverter. The carriers are vertically disposed so that they occupy adjacent
vertical bands but, at the same time, those carriers are arranged into the next categories:
alternative phase opposition disposition (APOD) [92], phase opposition disposition
(POD) and phase disposition (PD). In APOD, each carrier is phase shifted by 180°
from its adjacent carrier. In POD, the carriers above the sinusoidal reference zero point
are 180° out of phase with those below the zero point. Finally, in PD, all carriers are in
phase. A depth review about these methods is found in [93].

When the carriers are not level shifted but phase shifted, it is because in some multi-
level topologies this procedure balances the capacitor voltage, mitigates input current
harmonic and improves the output voltage spectra.

The SVPWM switching for multilevel inverters also follows the same principle as for
two-level. The space vector diagram of a multilevel inverter consists of a number of
identical hexagons which are placed in the a-f vector plane at different distances from
the centre. The strategy of switching in a multilevel SVPWM involves performing
“origin shifting” from outer hexagons, and then using the volt-second balance concept
of a two-level SVPWM [94]. Fig. 3.6 represents this procedure, where the reference
phasor is shifted to the effective reference phasor and two-level principles are useful.
Some triangles (1a, 1b, 2a, 2b and 3) are also highlighted for further explanation.

[Multilevel Switching Signal Generation Methods |

|
High Switching Frequency Mixed Switching Fundamental Switching
PWM Frequency Frequency
L l py
v v v v v
Space Vector Phase Shifted Level Shifted Hybrid Multilevell  |Harmonic Control| Space Vector
PWM PWM PWM Modulation Control
) -
(LI 7
ANA
v v
Phase Phase Alternate Phase
Disposition Opposition Oppo-

} Disposition S‘Ltion Disposition

Fig. 3.5. Classification of multilevel modulation methods according to switching frequency.
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Fig. 3.6. Vectorial representation of states in a NPC inverter.

Hybrid modulation is in part a PWM-based method for some specific multilevel topol-
ogies [95]. The basic idea is to take advantage of the different power rates among the
cells of the converters to reduce switching losses and improve the converter efficiency.
This is achieved by controlling the high-power cells at a fundamental switching fre-
quency by turning on and off each switch of each cell only once a cycle, while the low-
power cell is controlled at high frequency.

Although SVPWM and multicarrier PWM are widely accepted and have reached a high
level of maturity for multilevel applications, other algorithms have been developed to
satisfy particular needs of different applications. Selective harmonic elimination (SHE)
[96], for example, has been extended to the multilevel case for high-power applications
due to the strong reduction in the switching losses. Moreover, multilevel space vector
control (SVC) [97] takes advantage of the high number of voltage vectors generated by
a converter with a high number of levels by approximating the reference to the closest
generable vector.

3.4  Existing modulation techniques oriented to two-level ZS dc/ac
converters

As it was introduced in section 2.3, ZSI family has as main particular feature an addi-
tional zero state, the shoot-through state. How to insert this shoot-through state be-
comes the key point of the PWM control methods for the ZSI. In this section, the equa-
tions describing the dc voltage boost factor, the modulation index and the voltage gain
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of the two-level three-phase ZSI in the different control method are presented and
compared with a particular example by simulation for a better understanding.

3.4.1Simple boost control

Simple Boost Control (SBC) [8] uses two straight envelope lines equal to or greater
than the peak value of the three phase references (Vg e Vi rer and v ) to control D;.
When the carrier triangle wave is greater than the upper shoot-through envelope (v,) or
lower than the bottom shoot-through envelope (v,), the inverter is turned to a ST. In
between, the inverter switches (7} ..., Ts) operate in the same way as in the traditional
carrier based PWM control (Fig. 3.7 a)).

In this control method, the voltage gain (G) of the ZSI can be expressed as

A

Yo _G=M-B, 3.1)
V, /2

where s the peak value of the fundamental component of the phase-to-neutral out-
put voltage and M is the modulation index. B is determined by

1

Dy is equal to (Ty/T,), where Tj is the ST time interval over a switching cycle (7).
For this SBC method, the obtainable D; decreases with the increase of M, being limited
to (1-M), in order to avoid overmodulation phenomena. As a result, in order to produce
an output voltage that requires a high voltage gain, a low M has to be used. As ana-
lyzed in [8], the voltage stress across the switches is BV,.. From (3.2) and taking into
account the aforementioned limitation for D;, B of this modulation method is given by

B= ! .
2M -1

(3.3)

Therefore for any desired B, M can be determined as

m=B*1 (3.4)
2B

From (3.1) and (3.4), the voltage gain is described as

G=M.B=L=B_+1' (3.5)
V.12 2

As Fig. 3.7 b) shows, using the simple boost control method, the switched output
waveform is unchanged in comparison with the voltage source traditional converter
(Fig. 3.7 a) but, as desired, its amplitude has increased to a higher value V.
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3.4.2 Maximum boost control

This technique [99] is graphically explained in Fig. 3.7 ¢). It is evident that is quite
similar to the traditional carrier-based PWM (Fig. 3.7 a)) but turning all zero sates into
ST states. Hence maximum Dy and B are obtained for any given M as well as without
distorting the output waveforms.

As it can be seen from Fig. 3.7 c), the circuit is in ST state when the triangular carrier
wave is either greater than the maximum curve of the references (Vg e Vi rer and vy )
or smaller than the minimum of them. As a consequence, Dy varies each cycle. This
fact introduces a low frequency ripples in the input current (i;,) and dc-link voltage, so
a higher size of the passive components is required when the output frequency is low
[98].

Due to the inconstant D; along a time interval and in order to get the voltage gain, it is

necessary to determine the average Dj (5Y ). The shoot-through state repeats periodi-

cally every 7/3 radians. Assuming that the switching frequency is much higher than the
modulation frequency, the D; (8) over one switching period in the interval (7/6, 7/2)
can be expressed as

2—(Msen0—Msen(l9—27ﬂ))

D.(0)= (3.6)
‘ 2
The average 53 is finally obtained by integrating (3.6) in the analysed period
2
- 1m2—(Msen9—Msen(9——))
D= | 3 4o
T s 2 (3.7)
27-33M

2z
With (3.2) and (3.7), the boost factor with this modulation approach is obtained as

1 T
B= —= , (3.8)
1-2D,) 3\3M -x
and for a given B, now the M is
M:ﬂ'(B+1) (3.9)

33B

Finally, the voltage gain is obtained as
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Gl B V.. =7r(B+1)'
Vel2 33

For a given B, M in this case is higher than in simple boost control hence the inverter
can be operated to obtain a higher voltage gain. As shown in Fig. 3.7 ¢), the switched
voltage waveform is the same than in the voltage source traditional converter but its
amplitude has increased to V; again. As an advantage in comparison with SBC, in Max-
imum Boost Control (MBC) the voltage stress is reduced since it requires a lower input
voltage.

(3.10)

3.4.3 Maximum constant boost control

Fig. 3.7 d) shows the different signals involved in this technique to generate the switch-
ing pattern. This achieves the maximum voltage gain while keeping the D; constant.
This fact avoids the undesired effects which were previously mentioned in MBC ap-
proach. There are five modulation curves in this control method [100]: three reference
signals, Vv, e Vi rer and Ve, and two shoot-through envelope signals, v, and v,. The
operation and comparison between signals is similar to the previous cases: when the
carrier triangle wave is greater than the upper shoot-through envelope or lower than the
bottom shoot-through envelope, inverter is turned to a shoot-through state. In between,
the inverter switches in the same way as in the traditional approach.

The upper and lower envelope curves are periodical and have three times the output
frequency. There are two half-periods for both curves in a cycle. For the first half-
period, (0, 7/3), the upper and lower envelope curves can be expressed respectively by

vp1:\/§M+Msin(9—2T”), for 0 <0< /3 (3.11)
. 2z
v, =M sin (0—?) , for 0 <6 <m/3. (3.12)

For the second half-period, (z/3, 27/3) both curves are defined as
v,, =M sin(0), for 7/3 < 0 <27/3 (3.13)

v, =M sin(0) —3M, for 7/3 < 6 < 27/3. (3.14)

The distance between these curves defines the D;. For a given M, that distance is NEYYA
therefore, D; is constant and can be expressed as

szz—szl_\EzM.

(3.15)

B with this modulation technique can be calculated as follows
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1 1

B= = , 3.16
1-2D, 3M -1 10

and M and voltage gain in this case, are calculated according the following expressions

m=B and (3.17)

3B

G=MB=—o«_=2"" (3.18)

St
St
S
St
Srs|
St ] 8

© @

Fig. 3.7. a) Traditional carrier-based PWM. b) Simple boost control method. ¢) Maximum boost
control method. d) Maximum constant boost control method.
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Table 3.1 summarizes the equations that define D, B and G in each modulation method
but, in this case, M is the variable. Finally in Fig. 3.8, the relationship between B and M
for each case are represented.

Table 3.1. Summary of different PWM control method expressions as function of M.

Parameter SBC MBC MCBC
D, .y 27 —33M 2-\3Mm
27 2
B ! o o
2M —1 3BM —n B -1
. M M| M
2M —1 3BM —n B -1
30
25 \ SBC —
\ MCBC —
20 MBC
s \ |

\

0.4 0.5 0.6 0.7 0.8 0.9 1
M

-

Fig. 3.8. Relationship between B and M in each modulation method.
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3.4.4  Analytical comparison

For a better understanding of the aforementioned modulation methods, they are imple-
mented and simulated in a two-level three-phase ZSI. The main purpose is to achieve a
B=3 in each control method. Parameters of the simulated system are: V,;=150 V,
L=L=100 uH, C;=Cy=1200 uF (Z network parameters), the switching frequency is 10
kHz and the R-L load is 6 Q and 5 mH respectively.

To keep as reference, Fig. 3.9 a) shows the switched line-to-line voltage waveform of
the traditional voltage source inverter. The amplitude of the line-to-line switched volt-
age is equal to the input dc voltage, thus the output line voltage after filtering is
(M=0.85) 78 V rms.

The voltage stress across the semiconductors (V) and Dy are calculated for the particu-
lar case

V. =BV, =3x150V =450V  and (3.19)

B=—— 32D —033. (3.20)
1-2D

K

For the SBC method (Fig. 3.9 b)), it is easy to obtain that M= 0.666 and G= 2. In this
case, the amplitude of the switched line-to-line voltage has increased up to 450 V and
the output line voltage after filtering, is in this case, 185 V rms.

M and G of the Z-source inverter in the MBC (Fig. 3.9 c)) method are M= 0.806 and
G= 2.4 respectively. This technique produces a higher voltage gain than the SBC. This
fact is illustrated with the output-line-to-line voltage after filtering, with rms value
equal to 222 V.

In the last modulation method (Fig. 3.9 d)), where a MCBC is used, M= 0.769 and G=
2.3 are obtained.

According to the THD of the output current, it can be observed that using the MBC, the
power quality is sacrificed since the unequal distribution of D, produces low frequency
ripples in the dc side (Fig. 3.9 ¢).
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Fig. 3.9. Simulation waveforms of: a) VSC with traditional sinusoidal PWM, b) ZSI with simple
boost control, ¢) ZSI with maximum boost control, d) ZSI with maximum constant boost control.
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3.5 Modulation techniques for ZS multilevel dc/ac converters

3.5.1 State of the art

When an appropriate modulation technique is being designed for this kind of power
converter, the following common requirements are set to carefully embed the shoot-
through states into the conventional switching signals:

- no violation of normalized volt-second balance in the output voltages during
the fundamental period

- minimum number of extra-commutations in the switches

- lower semiconductor stress

- minimum total harmonic distortion

- maximum voltage-boost

- minimum complexity of implementation.

The initial work that deals with the development of switching signal generations for
this family of inverters is found in [37], being devoted to the topology shown in the
Fig. 2.18 a). First PWM approach is derived from the optimized PWM sequences of a
conventional two-level ZSI and the Nearest Three Vectors (NTV) modulation principle
in a conventional NPC inverter. The arrangement of reference and carrier signals is
depicted in Fig. 3.10 a) and, as main feature, the resulting switching pattern avoids
extra device switching signals (six per half switching period). Each impedance network
(upper and lower) is short-circuited sequentially with equal time intervals (half the total
shoot-through duration) in order to avoid dc voltage unbalance. In this strategy, as a
core idea, the maximum and minimum voltage reference signals (in each switching
period) are modified with an offset (MR, and MR;) and then compared with the set of
carriers to generate the upper and lower ST states (just one phase-leg, A, B or C is
shooted- through). Operating in this way, the volt-second average per switching cycle
is maintained and a minimum harmonic distortion is obtained. To enhance the boost
factor, the injection of third harmonic offset [101] is also added to the reference sig-
nals.

Fig. 3.10 b) shows a vectorial analysis when the two-level effective voltage reference
phasor is located in a certain triangle of the SV representation (triangle 2a in Fig. 3.6)
and the shoot-through interval (7/2) becomes longer than the active state {0,0,-1}. It is
interesting to remark that the intermediate located reference signal (Ref,, in the illus-
trated case) does not trigger any shoot-through, hence it is a difference with the two-
level Z-source PWM formulation. This PWM scheme is also valid for a trans-Z-Source
NPC inverter (Fig. 2.23 a) and b)) [49] and for topologies shown in (Fig. 2.24 a) and
b)) [50].
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Fig. 3.10. NTV/MR PWM scheme. a) Reference and carrier arrangement. b) Vectorial analysis of a
switching period.

The second proposed principle from aforementioned references (Fig. 3.11) is devoted
to eliminate the common-mode voltage (if the reference grounding point is chosen
between both ZSNs). This switching pattern is created by a proper logical mapping
between the two-level Z-source sequence and the seven states of the Reduced Com-
mon-Mode (RCM) three-level vector diagram. Both the upper and lower Z-source
networks are short-circuited simultaneously since the dead time delays are not needed.
The arrangement of reference and carrier signals is depicted in Fig. 3.11 a). Fig. 3.11
b) shows the vectorial analysis when the two-level effective voltage reference phasor is
located in triangle 2a (Fig. 3.6) as well.
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b) Vectorial analysis for 2L formulation in a switching period. ¢) Logic mapping from 2L to RCM

Fig. 3.11. RCM PWM scheme. a) Reference and carrier arrangement for two-level (2L) formulation.
3L.
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Fig. 3.12. EI scheme. a) Reference and carrier arrangement. b) Vectorial analysis of a switching
period.

In references [102]-[103] the aforementioned concepts are extended and clarified, pro-
posing a number of continuous and discontinuous PWM schemes for the same topolo-
gy. Continuous Edge Insertion (EI) (Fig. 3.12 a) and b) show the arrangement of refer-
ences and carriers and the vectorial analysis respectively) PWM with symmetrical
voltage boost is very similar to NTV derived technique, but getting fixed ST state posi-
tions into zero states and equal durations regardless of the sextant which the reference
voltage is in. This fact minimizes the current ripple flowing across the Z-source net-
work but at the expense of eight device commutations.

The so called continuous Modified Reference (MR) PWM is the same than the first
presented (NTV, Fig. 3.10) but it is much better clarified how it is needed to shift some
active states (in some particular triangles of Fig. 3.6) to compensate the zero output
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voltage generated by ST states, keeping the normalized volt-second average. In order to
reduce the number of state transitions, a new ST modulation strategy was derived
based on the conventional 60° discontinuous PWM and the MR PWM. The modifica-
tion included over MR PWM is just in the reference offsets, because these ones have to
be changed periodically (which increase the complexity). Also it is reported problemat-
ic because just one Z-source network per 60° sextant is short-circuited (which limits its
application). The same reference signals but with triple offset is proposed in [104] and
with the equal alternation of reference offsets to generate the ST, the common mode
voltage is limited. Discontinuous schemes are not recommended since they give rise to
a large current ripple. If the optimization of control algorithm is the priority, a good
solution is found in [105], where the SVPWM and triangular-comparison PWM ap-
proaches are combined for controlling the converter operation.

For the topology drawn in Fig. 2.18 b), its modulation principle is summarized briefly
in [38] (also useful for DCLC inverter topology). The APOD with 180° arrangement
(Fig. 3.13 a) and b) show the arrangement of references and carriers and the vectorial
analysis respectively) is considered for carriers because it creates multiple null inter-
vals for ST insertion, which is generated with the aim of looking for the minimum
losses. ST is achieved by a proper synchronization of turning on switches from two
selected phase legs, instead of turning on all switches from the same phase-leg simul-
taneously. Additional references can be programmed with the offset (7/T) to the max-
imum and minimum reference in each switching period. As this technique is not based
on NTV, it has higher THD values. To solve this undesired result, the application of
PD technique (as Fig. 3.10 shows) is studied in [106] (this topology is called Reduced
Element Count (REC)). A similar approach of this PWM based on NTV is detailed in
[107] and derived from SVPWM for a simpler implementation and improved harmonic
performance [108]. Basically, duty ratios of the nearest three vectors to be applied by
the converter in any SVPWM triangle are calculated. After this, a new methodology is
proposed, which generates a new switching sequence in comparison with the previous
one, to insert the ST states while the volt-second balance and minimal commutation
count are maintained.

For the DCLC with two ZSNs (Fig. 2.20), a ST method is presented in [44] for each
(upper and lower) networks sequentially to avoid volt-second balance violation, which
is equal to the proposed technique presented in [37] (NTV) and [103] (MR PWM) for
3L-NPC-ZSI. This modulation design has constrains since no redundant switching
states within a phase leg are available to equalize the losses.

Modulations for topologies depicted in Fig. 2.20 b) and c) are also explored in [44]
and, in those cases, there are some redundant states and, as a result, additional modula-
tion approaches can be designed to equalize the losses. In the case that two Z-networks
are involved, the PWM scheme can be the same as for the case of DCLC just modify-
ing the comparisons between reference and carriers (Fig. 3.10) but, it would give a
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poor utilization of the redundant switching states. As an alternative, a derived method
is proposed from the phase-shifted-carrier (PSC).

1.5 T T

\/y Location of the analyzed switching period

1=

0.5

0

L L L L L L L L L
0 0.002 0.004—0:006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time (s)
(a)

1 e

T Lo— T T T

Refaa (Tl 2)

Refl, (T
051 ta (T3.4)

Refy (Tas6.78)

-

-0.5F

" Refie (To10)
e . . . . Refo (Typ) L
;8 5821 584 5861 5.88 5.9 5921 594 596 159 ¢
Time (s) x 107

S-t states

2L Vector 0,0,0 1,0,-1 1,-1,-1 1,0,-1 0,0,0 ]

1
Gate T, :
I
]

Gate T, 1 -

Gate T;
Gate T,

Gate Ty

Gate Ty |

Gate Ty, i

Gate T, 1 ! i ! ! j
(b)

Fig. 3.13. APOD scheme. a) Reference and carrier arrangement. b) Vectorial analysis of a switching
period.

The reference voltage signals (with or without the triple offset) and their negations are
compared with a common triangle carrier to generate the switching pattern for the up-
per and lower inverter bridge. It is interestingly demonstrated that shoot-though pro-
duces a simultaneous boosting (when offset of SVPWM is used) of the two Z-sources
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(one phase from the upper bridge and other phase from the lower one), which allows
the replacement from two Z-networks to one. This last reason makes the PSC better for
the dual Z-source inverter control even though its THDy is higher in comparison with
PD of carriers. It is justified because the NTV modulation principle cannot longer be
used. A simplification for this methodology was also done in the same work, by using
three sinusoidal references, two linear references (for inserting the ST) and a carrier,
but at the expense of two additional device commutations. Modification of these
schemes are found in [109], including a slight modification in the PWM sequence, the
Dual Z-source inverter with one or two impedance network can work with RCM and
perform bidirectional power conversion. A methodology based on generating the
switching pattern for the upper 2L inverter (similar to Fig. 3.11) and then, by a bit-
shifting technique, to generate the pattern for the bottom 2L inverter is proposed. Be-
sides the operation of this topology is studied under semiconductor failures and a re-
configuration of the gating signals is proposed. The RCM performance is still main-
tained when the two input sources are involved.

If the inverter circuitry is built with four legs [110], the reference signals have to be
regenerated according to the unbalanced or balanced load conditions. In the case of
having two Z-source networks, the offset (required for 4 legs operation) added to the
reference signals for optimal switching is expressed in [111] before being compared
with two PD arranged carrier. The ST states are inserted by an appropriate interleaving
(one ST per network and switching period) which allows a balanced voltage boosting
between upper and lower network and minimal commutation counts. It is done by a
similar technique than in Fig. 3.10 (MR/NTV derived). A greater number of ST per
switching period by a proper modulation technique would derive in a different distrib-
uted energy between the Z networks and in a more complex algorithm. If just one Z-
network is presented as input stage of the four-leg multilevel bridge, the modulation
principle based on APOD carrier arrangement [38] (similar to Fig. 3.13 but with four
references) is proposed, in order to obtain absolute null (zero line voltage) states, which
result in a worse THD. For five legs in the inverter bridge, the fifth harmonic injection
optimizes the harmonic performance and increases the modulation index and, PD or
APOD carrier arrangement are used again for two Z-network or one respectively in a
similar sketch than previously presented.

In [112], a new phase shifted PWM devoted to qZ source CMC is proposed. Its scheme
is composed by two sets of three reference signals (for the left and right leg respective-
ly) and one set of three carriers, one per module (each layer of the modules has the
same carrier). The most particular feature of this method is that the carriers change
their amplitudes according to the envelopes of the references. To embed the ST states,
the SBC is included. As main achievement, a power loss reduction is remarked. In
[113] a SVPWM for a single phase qZS-CMC can be found, where the total ST dura-
tion is equally distributed into the zero states. The extension of this SVM derived tech-
nique to the three phase system is explained in [114] and [115].

70



Modulation Techniques for Three-Level Neutral-Point-Clamped qZS Inverter

Modulation of 5L Z-source inverter (Fig. 2.19 b)) was experimentally validated in [43].
The PWM arrangement is very similar to MR in [103] but, in this case, 4 PD carrier
waves are required as well as a different triple offset for the references [116].

3.5.2 Proposed modulation techniques for three-level neutral-point-clamped qZS
inverter

This section explains and summarizes the main contributions and novelties in this field.
Once the previous concepts and the existing spectrum of modulation techniques for this
family of power converter were reviewed, different modulation schemes were devel-
oped both in single phase system (Fig. 2.25) and in three-phase system (Fig. 2.28)
based on three-level NPC qZ source inverter.

Fig. 3.14 shows a sketch of the proposed modulation technique for the single phase
topology in its first approach.
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ST generation
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0 0.605 T'O'bl( | 0.615 0.02

Fig. 3.14. Sketch of the proposed modulation technique with uniformly distributed shoot-through
states and constant width.

One reference modulating sinusoidal wave and four triangular carriers (Ci) are com-
pared to obtain the different states of Ty, T,, Ts and T and T3, T4, T; and Tg have the
complementary state of the other one respectively (Fig. 3.15).

Carrier 1 is used to generate the ST states in comparison with a constant value that
includes the desired D, value. Operating in this way, uniformly distributed shoot-
through states with constant width during the whole output voltage period can be
achieved.

In order to compensate the average output voltage (V) when the ST states are applied,
leg B must solve this situation through the change of the voltage v, (voltage between
middle point of the branch and neutral point). Fig. 3.14 and Fig. 3.15 show how we can
obtain this compensation. During the positive semi-cycle, leg B has to produce vy, = -
V4./2 more times to restore the average voltage V. This is produced through carrier 4
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displacement that generates the pulses of 7. During the negative semi-cycle the same
situation is produced. Leg B has to produce Vo = +V,/2 more times to restore the
average voltage V3. This is produced through carrier 3 displacement that controls the
pulses of 7.
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Fig. 3.15. Switching pattern of the first proposed modulation technique.

This modulation technique has been implemented and used in different works with
success (papers [d] and [g] in appendix). But, at the same time, it is observed that
switching signals and duty cycles (directly connected with power losses) of switches
are quite unbalanced inside of each branch. This phenomenon can be observed in Fig.
3.15.

Second modulation technique improved for single-phase system

To solve such undesired situation, a second version of the modulation technique is
proposed (Fig. 3.16). In this case, it is possible to balance the power losses between
branches and even between switches of each branch. Those power losses are produced
during switching states (switching losses) and also during on states (conduction states)
in each power switch. Both losses must be taken into account in order to distribute
them among branches of the converter. In this way different rates of the converter are
improved such as: Mean Time to Failures (MTTF) and Mean Time between Failures
(MTBF). As a consequence, the reliability and the useful life of the converter will in-
crease.
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Two modulating sinusoidal waves (Ref, and Ref, one per branch) are compared to two
level shifted triangular carriers in phase disposition. The result of this operation is ob-
taining the normal states of Ty, T,, Tsand T¢. T3, T4, T7 and Tg have the complementary
states of the other ones, respectively. It is easy to detect in Fig. 3.17 that switching
states of analogous switches are the same in both branches hence power losses will be
also the same.
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Fig. 3.16. Sketch of the proposed modulation technique with balanced power losses.
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Fig. 3.17. Switching signals generation of the second proposed modulation technique.
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The generation of the ST states is done by means of the comparison between D, and
one triangular carrier (Cy) with double frequency than the other carriers. Operating in
this way, the symmetry of the output voltage is maintained. At the same time it is re-
quired to compensate the average output voltage (¥,5) when the ST states are applied.
It is done by shifting C; and C; quantities -D,/2 and D,/2 respectively. Fig. 3.18 illus-
trates the implementation sketch of the new proposed modulation technique.
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Fig. 3.18. Sketch of the implementation of the second modulation technique.

Both approaches are analytically compared by simulations to validate the predictions
according to different criteria.

First of all, the number of switching transitions (times) per switch during one funda-
mental period (defined at 50 Hz) was analysed in both modulation techniques. This
number or parameter is related to the switching losses and is represented in Fig. 3.19 a)
and Fig. 3.19 b) for each modulation technique as a function of modulation frequency
index (m;) respectively (D; is equal to 0.16).

Secondly, the duty cycle of each switch was calculated. This value is related to the
conduction losses and is represented in Fig. 3.19 ¢) and d). Branch B has a high level
of conduction unbalance between its switches (T¢ and T; conduct 2.6 times more than
Ts and Tg) and also a different duty cycle to the analogous switch from branch A. New
proposed PWM provides the same conduction time (T,,) of each analogous pairs of
switches between branches and less unbalance within the branch.

We can conclude that by using the second proposed modulation technique, both
branches are symmetrically balanced from the point of view of switching and conduc-
tion losses. Also this balanced situation is inherited by the clamped diodes. Therefore,
rates as MTTF, MTBF and reliability of the converter are improved [b].
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| | Number of switching signals / frequency modulation index
T1

T3 17

T3 717

Fig. 3.19. Number of switching signals per switch/m,in one fundamental period. a) First modulation
technique. b) Second proposed modulation technique. T,, per switch during one fundamental period.
¢) First modulation technique. (d) Second proposed modulation technique.

Modulation technique for three-phase system

The second proposed modulation technique for the single-phase inverter was extended
to propose a new one for the three-phase topology (Fig. 2.28). Fig. 3.20 shows a sketch
of the PWM signals. Three modulating waves (one per phase) and two triangular carri-
ers (upper between 0 and 1 and lower between -1 and 0) are compared in order to ob-
tain the different normal states of Tla Tz, T5, T6, Tg and Tl(), while T3, T4, T7, Tg, T]1
and T, have the complementary state of the other ones, respectively.

Third harmonic injection is used to increase M and as consequence, G is also increased
at the same proportion.

Expressions for reference voltages are
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Ref,a Ref,b Refc

Fig. 3.20. Sketch of the proposed three-phase PWM technique.

Ref,=1.15M sin( wt+¢, )+0.19 M sin(3o1)| (3.21)

i=phasea, phaseb *
and phasec.
Another carrier signal (e [0,1]), but at double frequency, is used to generate the ST
states by means of comparison with the constant value of D,. Operating in this way,
uniformly distributed ST states with constant width during the whole output voltage
period are achieved.

Due to the insertion of shoot-through, the output average phase-to-neutral voltage val-
ues are modified and it is necessary to restore the normalized value. In order to main-
tain constant output average voltages, upper and lower carriers are displaced Dy/2 down
and up respectively and the reference value will be ensured. Fig. 3.21 shows the im-
plementation sketch of proposed modulation technique.

More details about these new proposed modulation techniques are found in papers [b],
[d], [e] and [g] in appendix.
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Fig. 3.21. Implementation sketch of the proposed three-phase PWM technique.

3.5.3 Experimental results

In order to prove all theoretical assumption, the experimental investigation was carried
out for the single phase prototype explained in section (2.5.2). This first test was per-
formed under 800 W output power and switching frequency at 100 kHz. The first goal
is to demonstrate the differences between both modulation techniques approaches [b]
and [d].

In Fig. 3.22 a) and Fig. 3.22 b) the gate-source switching signals of the first modulation
technique without and with ST are illustrated respectively. It is evident that each tran-
sistor is working in a different way. In all subfigures from up to down the switching
signals of transistors correspond to 7, 7>, T5 and Tg. Fig. 3.22 ¢) and Fig. 3.22 d) show
the similar switching signals for second modulation technique. In this case the switch-
ing signals of both branches are balanced.

Fig. 3.23 a) and b) show the thermal pictures of the power board where driver circuits
along with transistor terminals are located. These pictures show the gate resistors (Rg)
of the transistors T, Ts under first and second modulation strategies respectively.
Higher temperature of the gate resistors T5 confirms higher switching numbers of this
transistor in the first modulation. Fig. 3.23 c) and d) illustrate the temperatures of the
transistor chips that are located under the board on the radiators. In the first modulation
(Fig. 3.23 ¢)) a difference between the temperatures of the different branches is pre-
sented. This difference is mitigated under second modulation strategy (Fig. 3.23 d)).
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Fig. 3.22. Gate-source switching signals of the first (a, b) and second (c, d) modulation techniques
without (a, c¢) and with (b, d) ST states.

To analyse the operation and to observe the main operation waveforms, now the test
that was carried out is explained. A passive resistor was used as load. The regulated dc
power supply was used as input voltage source. All measurements were made by digi-
tal oscilloscope Tektronix DPO7254, current probes Tektronix TCP0030, and voltage
probes Tektronix TPA-BNC.

Fig. 3.24 a) and b) represent the experimental results without and with the ST states. It
can be seen that i;, is in CCM. The voltage of the capacitor C, is near zero in the first
case. The capacitors C;, C4 have identical voltage waveforms. It reveals that the capaci-
tors provide a stable dc-link voltage. In the first test point, the input voltage was set to
325 V that corresponds to the VSI mode where ST states are not required. It can be
seen that the output LC-filter is sufficient in order to provide acceptable output voltage
quality (THDy lower than 5%).
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Fig. 3.23. Thermal pictures of the gate resistors of the transistors T1 and T5 under a) first modulation
and b) second modulation technique. Thermal pictures of the transistor chips T1 and T5 under c) first
and d) second modulation technique.

Fig. 3.24 b) presents similar results with Dy=0.16. The main idea is to maintain the
constant output ac voltage during variable dc input voltage. In the second test point, the
input voltage is decreased from 325 to 265 V. As can be seen, the inverter operates in
the CCM. As it can be checked, input voltage has been boosted to maintain the nominal
value in the output by means of ST states. They are revealed by comparing V,;, from a)
and b). In the second case, V,, goes to zero during whole operation period.
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Fig. 3.24. Experimental results of the single-phase 3L-NPC-qZSI. a) Without ST. b) With ST.

Fig. 3.25 summarizes the experimental study of the G, the efficiency and the THD of
the output voltage. The experimental G (Fig. 3.25 a)) is close to that mathematically
predicted, which proves the quality of the obtained mathematical expressions. The
efficiency of the experimental prototype was in the range 90-94% (Fig. 3.25 b). This
parameter was measured with YOKOGAWA DL850 V equipment. The maximum
efficiency corresponds to the mode without the ST states and M equal to 1. Introduc-
tion of the ST states decreases the efficiency. Fig. 3.25 c) shows the dependence of the
THD of the output voltage and the D; cycle. It can be seen that the presence of ST
states slightly deteriorates the quality of the output voltage but, because of high switch-
ing frequency, this influence is negligibly low.
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Fig. 3.25. Experimental measurements of the single-phase converter. a) Comparison of the gain fac-
tors obtained analytically (dashed line) and experimentally (solid line) versus D, b) Dependence of
efficiency with the D, and ¢) THD of the output voltage with different D;.

The test bench for the three-phase prototype (section 2.5.2) is composed by a real PV
installation. A PV installation of 18 serial panels [117] is the voltage source for the
converter. Table 3.2 shows the main parameters of the PV panel used during the tests.
Fig. 3.26 shows the resulting input PV curves where the different tested working points
are marked. Data of the selected working points are summarized in
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Fig. 3.26. Cases of study in the three-phase system.

Table 3.2. Main parameter from the panel datasheet.

Parameter Value and unit
Nominal output power (Pmax) 185 W
Voltage at Pypp 369V
Current at Pypp 5.02 A
Open circuit voltage (V) 451V
Short circuit current (I) 548 A

Table 3.3. Values in each selected operation point.

Point1 Point2 Point3

Parameter
Irradiance (W/m®) [ 1000
Vpv (V) 650
Ppv (W) 3333
M ~1
% third harmonic 0
D, 0

500
565
1534
1
19
0

1000
325

1666
0.7
19
0.3
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Low but equally distributed solar irradiation does not require extremely high boost
(point 2 in Fig. 3.26). High boost capabilities are demanded in a partly shadowed mode
where only half of the panels in the array have no irradiation (point 3). It can be seen
that MPP with maximum irradiation corresponds to the buck mode (point 1).

Fig. 3.27 shows several waveforms for the first working point. Input voltage is equal to
650 V (= 18x36.9 V) hence no boost function is required. It is represented input current
and voltage (a), capacitor voltages (b), dc-link voltage (c) and output voltage (d). It can
be seen that no ripples are presented in the input current or the dc-link voltage because
ST switching states are unactivated.
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Fig. 3.27. Experimental waveforms for the first point in buck mode without third harmonic injection.
a) Input current and voltage. b) Capacitor voltages. ¢) dc-link voltage. d) Output voltage.

Fig. 3.28 illustrates the experimental results for the second operation point. In this case
the input voltage is 565 V which requires third harmonic injection without ST genera-
tion. It is represented input current and voltage (a), capacitor voltages (b), dc-link volt-
age (c) and output voltage (d). All of them are quite similar than in the previous case.

Fig. 3.29 represents the third operation point where input voltage is 325 V hence boost
function is required. Boosted voltage is obtained from the input voltage to the capacitor
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voltages thanks to the ST states, which are uniformly distributed (c). The output volt-
age has very good quality.
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Fig. 3.28. Experimental waveforms for the second point in buck mode with third harmonic injection.
a) Input current and voltage. b) Capacitor voltages. ¢) dc-link voltage. d) Output voltage.

Experimental results and set-up description devoted to the single-phase inverter are
available in papers [b], [d] and [e] of the appendix. Details of the experimental tests for
the three-phase case along efficiency and power losses studies are available in paper
[e]. In this last paper, a new case with light load and several simulations are described
as well.
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Fig. 3.29. Experimental waveforms for the third point in boost mode with third harmonic injection. a)
Input current and voltage. b) Capacitor voltages. c) dc-link voltage. d) Output voltage.
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Chapter 4

Operation Strategies
for Performing Grid-
Connected Inverter
Active Functions

4.1 Introduction

High-penetration level of distributed inverters in the electrical distribution grid presents
changes and possibilities in its management [118]. Those inverters mainly interact with
RESs, for instance, PV panels. For long years, they just extracted the maximum power
from the PV panels and injected it into the grid [2] with the reference of unitary power
factor. New trends about controlling photovoltaic inverters propose to integrate to them
active functions [119]. In this way, inverters will become active devices in the electri-
cal grid; ensuring local support, quality warranties and security of supply. Some of
these new demanded active functions (even some of them by regulation [120]) are:
active power (P) and reactive power (Q) flow control, PCC voltage level control, active
filtering capabilities [121], integration with the energy resource (MPP tracking, energy
storage [6],[122]-[123] ,...) and communication compatibilities among others [7].

Controlling the power flow by inverters is one of those main issues, in both transient
(e.g., during voltage sags) and steady conditions [124] (e.g., restoring the voltage level
at the PCC). The extra-capacity of inverters [118] and, in the case of PV distributed
plants, the limitation of active energy production, can be used as solutions for this re-
quirement. In this way, inverters can generate or consume reactive power providing the
local support and control required.
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In the case of the proposed topology in this research, new approaches are required to
implement such kind of active functionalities. Basically, there must be a coexistence of
three elements: an operation strategy of the inverter, a dc-link voltage control method
(to regulate the D;) and special modulation techniques to embed the ST states.

For the first key element, it is possible to design an operation strategy based on tradi-
tional approaches, depending on the applications (PV inverters [125], DG, Vehicle to
Grid (V2G) [126], excitation field for synchronous machines [127], Energy Storage
Systems (ESS) [128], Uninterruptible Power Supply (UPS) and Active Power Filtering
(APF) among others). To distinguish grid-connected PV applications, operation strate-
gies based on d-g synchronous reference frame seem to be the most popular [125],
[129].

In the second aspect, previous works divide the dc-link voltage control for ZSIs or
qZSlIs (or D regulation) in direct or indirect control [130], depending on whether the
dc-link voltage is sensed or not respectively (see Fig. 4.1 a) and b), for the case of ZSI).

The last key element was explained in the previous chapter (3.5.2).

Y Y Y
s N e
T 3
~ ~
S S
k_, — Vd(’- ink k_é_
& Nk
| ~
) | )
-~ -~
= UL
NN,
|
(b)

Fig. 4.1. Control methods of dc-link voltage. a) Indirect. b) Direct.

4.2  Maximum power point tracking algorithm for three-level neu-
tral-point-clamped qZS inverter

Tracking the Maximum Power Point (MPP) of a PV array is necessary due to the high
cost of solar panels and the dependence of power with irradiance and temperature
[131], being an essential task of PV inverters. In this way, several MPPT algorithms
have been proposed in the literature [132]. Those methods vary in complexity of im-
plementation, sensors required, convergence speed, cost, range of effectiveness and
hardware implementation among others. Three traditional MPPT algorithms are high-
lighted due to their capabilities: Perturb and Observe (P&O), Incremental Conductance
(InC) and the method based on dP/dV or dP/dI feedback.

These traditional MPPT methods have been studied and adapted for the 3L-NPC-qZSI
topology [a]. All of them work by using the Dy as a control variable to track the MPP
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in dynamic irradiance conditions. With these methods, active power reference (P") can
be calculated. For reactive power reference (Q°) there are several approaches in the
literature [133]. In our case, the maximum capability of the inverter (Sy, defined by the
rated current of semiconductors) is considered and expressed by the equation high-

lighted in Fig. 4.2,
[ @2 2
‘Q(g)‘ < SVN (P(g))

(&)
T Hon
/ Capacitive
No applicable
in PV_applications. ] *
without ESS i Q
\ Inductive
1N
H (g)
// y 'Qmax
-t |
_p(g) P*(from MPPT) (g)
P max P max
Storage Generation

Fig. 4.2. PV inverter regulation capacity.

One way to achieve the MPP operation is to calculate the slope (dP/dV) [134]-[138] of
the PV array power curve and feed it back to the converter with any control method to
drive such slope to zero. The slope can be computed in different ways. In our case, a
proportional-integral (PI) controller that adjusts the Dy is used to drive the slope to
zero. Fig. 4.3 shows the implementation scheme of the MPPT algorithm based on
dP/dV feedback for the 3L-NPC-qZSI using the Dy as a control variable.

1

pv

SPWM

lSwitching
signals

Fig. 4.3. Implementation scheme of dP/dV MPPT method.
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The second proposed method is based on P&O [139]-[140]. The process of this method
can be summarized in Table 4.1. The sketch of the implementation is represented in
Fig. 4.4. To produce the perturbation in the voltage of the PV array, perturbations in
the Dy are inserted. The perturbation is fixed and stablished in 0.005 since this value
corresponds approximately to 1% of the V,, (according to equation 2.4). This value has
resulted in a good system dynamic response and the MPP is reached in a fast way. By
means of this process the system oscillates around the MPP.

Table 4.1. Summary of MPPT algorithm based on P&O.

Perturbation | Change in Power | Next Perturbation

Positive Positive Positive
Positive Negative Negative
Negative Positive Negative
Negative Negative Positive

oy »%%
T
dev <0? XOR :_g"\c Ds »| sPwM

Z } I

pv-1 Y
Switching signals

<=0?

Fig. 4.4. Implementation scheme of the P&O method.
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The InC method analyzes the slope of the PV array power curve. This slope is zero at
the MPP, positive on the left of the MPP and negative on the right. Thus
d—P:M:]+V£;I+V£ , 4.1)
av.dv dv AV
and as a consequence, the incremental conductance AI/AV is equal, higher than or
lower than —I/V at the MPP, on the left of the MPP and on the right of the MPP, re-
spectively. The MPP can be tracked by comparing the instantaneous conductance (//V)
with the incremental conductance (47/4V) as the flowchart in Fig. 4.5 shows. In our
case by changing D, with fixed step and equal to 0.005, the PV voltage (V,,) where the
PV array is forced to operate is changed, trying to find the MPP (47/AV=-I/V).
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Inputs: V,.(1),
(1)

Y
AL (-1 (t-A1)
AV: Vop(0)-Vi (1-41)

A
| Increment D;| [Decrement Dy |[Decrement D] | Increment D |

v

]pv'(t'At) :]pva)
Vou(t-A1) =V (1)

Fig. 4.5. Incremental conductance flowchart.

4.2.1 Simulation study

In order to verify the previous adapted traditional MPPT algorithms, a comprehensive
simulation study is performed in SimPowerSystems of Matlab/Simulink. Parameters of
the simulation are described in Table 4.2. Parameters of the PI controller for dP/dV
feedback method are selecting by trial and error method. The PV array is modelled by
means of model based on PV panel specifications in [141]. The case of study is based
on the single-phase topology (section 2.5.2).

To analyze the transferred power to the load and the effectiveness of each MPPT meth-
od, a smooth step in the irradiance from 1000 W/m” to 900 W/m’ in second eight up to
sixteen was made while the temperature was maintained constant (25 °C). This action
emulates the shadow phenomena. Fig. 4.6 shows the evolution of the transferred power
from the PV array to the load and the evolution of the control variable (D) in dynamic
conditions by using each MPPT algorithm.
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Table 4.2. Simulation parameters.

Parameter Description and unit Value
Ve Open circuit voltage (V) 43.4
| I Short circuit current (A) 4.8
Ivpp Maximum power point current (A) 4.4
Vmep Maximum power point voltage (V) 34
N Series connected panel 7
N, Parallel connected panel 1
K, Proportional constant of PI controller | 0.001
Ti Integral time of PI controller 0.01
P&O Perturbation size in Dq 0.005
InC Perturbation size in D 0.005
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Fig. 4.6. Evolution of transferred power and D during a step in irradiance. a) and b) dP/dV method. c)
and d) P&O method. ¢) and f) InC method.
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As we can see in Fig. 4.6 the MPP is tracked with accuracy in each case. In paper [a] in
appendix it is possible to see the analytical comparison, where their advantages and
disadvantages are discussed. As main conclusion, method based on P&O was chosen
due to its simplicity and robustness.

4.2.2 Experimental results

P&O adapted method was implemented in the single-phase prototype (section 2.5.2)
and tested with a solar array. Two strings of 7 panels connected in series were connect-
ed in parallel (2x7 configuration) to obtain a proper input voltage range. The output
power is transferred to a pure resistive load.

Fig. 4.7 shows the obtained results after reaching the maximum power point operation:
output current (Ioyt), Vour, Vpr and input PV current (/py). Output magnitudes have a
high level of quality. Measured THDy with YOKOGAWA DL850 V equipment is 1.5
%. Input PV voltage presents a low frequency ripple at 100 Hz as commonly happens
in single phase systems. Input PV current presents this low frequency ripple and also
ripple at high frequencies due to the switching frequency. More details about MPP for
the 3L-NPC-qZSI can be found in paper [a] in appendix.

T 75,008 (M?i:) il
- Iour
iz " VOUT
100 V/div. /
R /' \\‘_7 /'/ \\7 ../ “\\_7 _4,./’ ‘\_ 7_(,"
o 300-0v
50 V/div. Vi
Ly
~lcis §:97s
°dhmﬂMvHtMMerMM"WNﬂMJT‘MWMMWffﬂpwm%’jlwMWLMMFMWW«
. |
1 A/div.
Avg  :CH1 49.6325nA Avg  CH4 248.188Y Avg  :CHB 8.18026A
—-oRHBs :CH1g g0 7.765804 RMS  :CH2 237.741Y 50,0015 |

Fig. 4.7. Experimental results at the MPP operation. From top to bottom: output current, output volt-
age, input PV voltage and input PV current.
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4.3 P and Q regulation

As aforementioned, it is possible to design the operation strategies for the new three-
level NPC-qZSI both in single-phase and in three-phase configuration based on tradi-
tional approaches, depending on the target and application. In subsection 4.3.1 some
well-known operation strategies to regulate P and Q in traditional inverters (section
2.2) are summarized, to subsequently explain their modifications and adaptations to be
used in the new proposed topologies.

4.3.1 P and Q operation strategies for traditional inverter topologies

In a balanced three-phase system, if vg.,(?) and v,.(?) are the instantaneous generator
and PCC voltages respectively, then the generated average active power (P%), apparent
power (S) and the generated average reactive power (O®) are given as

vV vV
Pl w5 4.2)
gen
S=V, 1= Ve =2V, V,, cosS and 4.3)

Q(g) =\,S2 —Ij(g)2 )(pcc (Vgen cos S — Vpu) (44)

gen
where:

- igria(t) 1s the instantaneous injected current.

- Vpee 1s the line to neutral RMS PCC voltage.

- Vgen 1s the line to neutral RMS generator voltage.

- o is the angle between V., and V..

- Xgen 18 the impedance of the generator (pure inductive is considered).

Assuming that ¢ is small, equations (4.2) and (4.4) can be approximated by the first
term of the Taylor series as

VeV,
P® x < & 5 and 4.5)
Xgen
V. V. V)
(2) ~ pee’ gen pee . 46
Q B (4.6)

gen
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These equations are widely used in traditional power systems to control high power
synchronous generators. The manipulated variables are

P(g) :(V

gen?

6) and 4.7)

Oeon =Ven) - (4.8)

It is also possible to make an analogy between previous equations and the equation that
governs the RMS output voltage of a three-phase inverter

Vi = % , (4.9)
where:
- Viny 1s the RMS fundamental component line-to-neutral inverter voltage.
In the case on the inverter, the manipulated variable is
Viw =Viy (M). (4.10)
Combining equations from (4.7) to (4.10) we have the following relationships
P® =(M,s) and 4.11)
0% =M) , (4.12)

where ¢ is in this case the angle between V;,, and V... Therefore, manipulating J and
M it is possible to regulate P% and 0% in a grid-connected inverter.

Fig. 4.8 depicts a block diagram of implementation. Two PI controllers are dedicated to
track P" and Q" by manipulating 6 and M of the inverter reference signal. Feed-forward
loop for grid voltage phase (0g4) is used to make easier the synchronization process
and to avoid undesired transients. In the same figure, red line represents the measured
signals. Modulation technique based on SVPWM is used to generate the switching
signals.
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Fig. 4.8. Operation strategy based on 6 and M as manipulated variables.

Another well-known approach for traditional inverters is based in a d-g synchronous
reference frame. The inverter can be modelled as an ideal sinusoidal voltage source
with the impedance of the output filter. From this equivalent circuit it is possible to
obtain the state-space model. In order to control its injected P and Q, Park Transfor-
mation [142] as well as a synchronous reference frame with the same frequency than
the grid frequency [143] are required. In addition, if the d axis is aligned with the grid
voltage vector, ¢ component is zero. Operating in this way variables in abc domain are
transformed to d-g domain.

In this case, active and reactive powers are expressed as [144]
p=v,i, and (4.13)
q=—v,i, . (4.14)
Therefore if the space grid voltage vector is known, active and reactive power can be

achieved through current components at d-g frame.

Fig. 4.9 shows the control scheme in both axis d and g. The main advantages of this
approach in comparison with the previous one are that in this case, it is possible to get
decoupled power control loops, as well as it is possible to design the controllers in
continuous time.
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Fig. 4.9. d-q axes control sketch of the grid-connected inverter.

In paper [h] in the appendix a comparison between both aforementioned operation
strategies is explained by simulation. As the strategy based on d-g reference frame
presents advantages, it is validated experimentally as follows.

The experimental setup used to validate the strategy is shown schematically in Fig.
4.10. Fig. 4.11 represents the power stage composed by one Danfoss FC302 2.2 kW
inverter, LCL output filter, bidirectional dc power supply and the grid connection by an
autotransformer. The measurement stage is done by current and voltage LEM sensors
(red line in the same figure). The inverter is equipped with a driver board. The control
platform is based on dSPACE 1106 system hence the explained strategy is implement-
ed in Matlab/Simulink. Table 4.3 summarizes the main parameters of the electrical
setup and control system parameters. (These experimental tests were carried out at
Aalborg University).

Fig. 4.12 shows the responses of the system when different steps are applied both in P’
(Fig. 4.12 a)) and in Q" (Fig. 4.12 b)). In the left figure, P" is 100 W, 500 W, 900 W
and 1500 W in seconds 0, 10, 20 and 30 respectively while Q" is maintained in 0 KVATr.
In the right figure, Q" changes from 100 kVAr, to 600 kVAr, to 1250 kVAr and to 600
kVAr in seconds 0, 10, 20 and 30 respectively while P" is equal to zero. As it is possi-
ble to check, the system tracks the references with accuracy in both cases.
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Fig. 4.11. Experimental configuration for testing the operation strategy in a traditional inverter.
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Table 4.3. Electrical setup and control system parameters.

Parameter Description and unit Value
Vi (V) dc voltage (V) 650
f(Hz) Frequency 50
Viee (V) RMS voltage at the PCC 230

f; (kHz) Switching frequency 10
Inverter Danfoss converter FC302
Li ,(mH) Filter inductance 1.8
C; (uF) Filter capacitance (A connection) 9
Lg. (mH) Filter inductance. Grid side 1.8
Grid Trafo Type 3LT-23 Dyn 11 -
Ko p Active power proportional term | 6 *10™
Kip Active power integral term 4*10™
Ko Reactive power proportional term | 3 *10™
Kig Reactive power integral term 3 %10

P W -
P—w ] L
1000 ....... .: ....... :r_ ...... | ........
o :| :
0 ................................
000 b e 500
0 10 20 30 40 0 10 20 30 40
Time (s) Time (s)
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Fig. 4.12. Experimental results with control strategy based on d-g reference frame. a) Active power
evolution. b) Reactive power evolution.
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4.3.2 Proposed operation strategies for P and Q regulation in a three-level neu-
tral-point-clamped qZS inverter

This section is dedicated to explain different control strategies proposed for both sin-
gle-phase and three-phase versions of the inverter under study, to regulate P and Q in
grid-connected mode. Different approaches to improve the dynamic behaviour have
been taken into account. The section is divided into two subsections; strategies for
single-phase in the first part and strategies for three-phase in the second part.

Single-phase version

The goal of the first proposed control strategy is to inject power into the grid with uni-
tary power factor, that is, injecting a sinusoidal current in phase with the voltage at the
PCC. It will be achieved by means of controlling the reference voltage signal inverter.
For a simpler approach it is assumed an output L filter. Fig. 4.13 represents the case of
study.

e Le | T,
ia f({%\ | grid
[ *— I
IT Voo v |
SLNPC|IIY, | )
Inverter A————— f
L filter Grid side

qZS Network

Fig. 4.13. Power stage of the grid-connected PV system based on a single-phase 3L-NPC qZSI.

First of all, a power balance between dc and ac sides to obtain the injected RMS refer-
ence current (/ ;) into the grid is necessary to perform. This is carried out by means
of

v =I.V

pv' pv grid " grid °

(4.15)

Where V*pv is given from the MPPT algorithm. We also define the variables in Table
4.4, for a better understanding. To realize a more precise approach, we will take into
account the resistance of the filter inductance (Ry). Ly includes the impedances of trans-
former and grid for simplification. Variables are represented in the equivalent scheme
of the output filter (Fig. 4.14 a)) and its vector diagram in a d-q frame (Fig. 4.14 b)).
The d component of this frame is synchronized with the voltage at the PCC.
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Table 4.4. Variables involved in the first control strategy for single-phase topology.

Variable Description and unit
7 Reference output voltage vector of the fundamental component in terminals
ab of the 3L-NPC-qZSI. Voltage between branches.
VL* Reference voltage drop vector in the filter inductance.
[71;‘ Reference voltage drop vector in the resistance of the filter inductance.
f;‘[d Reference injected current vector to the grid.
Vg,, Voltage grid vector. Voltage at the PCC.
R¢ Ly Tgrid PCC q axis
—MA— v
ab
-— —
~ VL —- -
Va Vi grid Vi
5 o
o L Veria VR d axis
() (b)
Fig. 4.14. a) PCC equivalent scheme. b) Vector diagram.
According to the vector diagram of Fig. 4.14 b) one has
Var=Vgia +Vir+V1, (4.16)
that could be expressed in a d-q frame as
Vb =V, iy +Vyii, + Vi, (4.17)
where w4 and l;q are unitary vectors in the d and ¢ directions.
The RMS value of 7. can be calculated as
Voy =V Vi) + ()} (4.18)

*

where ¥, and ¥, are RMS values of the reference vectors Veand Vy.
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At the same time, V, is related to reference signal M and the dc-link voltage as

M:%ﬁ, (4.19)
de
which can be expressed as
V..+1 R +(LI,. )
M _ \/5\/( grid grid ) ( f grld) . (420)

14

dc

In this way, M has been calculated to obtain the desired amplitude of 17‘; according to
the vectors diagram of Fig. 4.14 b).
To calculate &, a unitary vector (1. ) in the direction of 17:; is calculated as follows

_ (Vgrid + ];‘id R) : ﬁd + (wa];rid) : l’—lq

Y Vet LR (LI, Y

grid g

(4.21)

Thus, the reference output voltage vector (¥, ) can be generated

7o =Ya g (4.22)

ab \/5
Fig. 4.15 represents some simulated waveforms related to the proposed strategy in the
single-phase case. Fig. 4.15 a) shows the input voltage and current when the MPP is
achieved and b) represents the dc-link voltage, where ST states are observed. Finally,
in ¢) and d) the output voltage between branches before filtering and the grid voltage
with the injected current are represented respectively. The main goal of this study was
to check the capability of this converter when it is working in grid-connected mode.
More details about this study are available in paper [i].

As aforementioned technique just allows the control of P, new control schemes for this
application were developed and are explained as follows.

The original d-g transformation from abc coordinates (time varying signals) can only
be used in three-phase systems [145] and it has been widely used in active power filter
and reactive power compensator applications because the fundamental frequency com-
ponents are mapped to dc values. The linear transformation from abc time varying
signals to synchronous reference d-g components is given by [146]

v, sinot sin(@-2x/3) sin(6+27/3)||v,
v, |=Z|coswt cos(0—-2x/3) cos(0+27/3)| v, (4.23)
Vo 1/2 1/2 1/2 v,
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Fig. 4.15. Simulation of main waveforms. a) Input current and voltage. b) dc-link voltage. c) Output
voltage before filtering. d) Output current and grid voltage.

The three-phase abc vector (currents or voltages) can also be transformed to a rotating

d-q components if they are previously transformed by using an orthogonal a-f station-
ary frame [147] as

{v"}:ﬂl 7 ) : and (4.24)
AR LRI K

v, sinot —coswt |[v, ]
‘= , “ . (4.25)

v, coswt st || Vg |
Expression (4.24) comes from rotating the a-f stationary frame at the fundamental
frequency, hence two orthogonal components are required to obtain the resulting ¢ and

q values. It is the main problem for using this theory in single phase circuits where just
one phase signal (current or voltage) is available.

Different approaches have been developed to obtain the necessary orthogonal compo-
nent and, in this way, d-g theory will be applied in single phase studies. [148] proposes
the orthogonal imaginary circuit concept with the main idea of obtaining two variables,
the real one (voltage or current) and an imaginary one, with equal characteristics but
shifted 1/4 of period of the real one.

From the practical point of view, if we measure the real signal to be transformed to the
d-q rotating frame, just using a time delay method (storing the value) we can obtain the
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imaginary component and in this way, the measured signal is the a component and the
delayed signal is the § component. This fact is illustrated in Fig. 4.16 a).

Mathematical foundations for the case where the real signal is a sine are as follows
(example for voltage signal):

v, =v, =V sin(wt + @)

. . (4.26)
v, =vy =Vsin(ot+@—7r/2)=-Vcos(ot+¢).

To obtain the dc values in a d-g rotating frame from ac signals (Fig. 4.16 b)) it is nec-
essary to use the linear transformations (4.24). If the real signal is considered as cosine,
the linear transformation would be different [149] (replacing sin (w?) with cos(wt) and
cos (wt) with -sin(wf)).

Real signal (alpha component)

Ortogonal imaginary signal (beta
component)

[0)4

0 /2 T 37/ T

(a) (b)

Fig. 4.16. a) Real and imaginary signals. b) a-§ to rotating d-q reference frame transformation.

Equations (4.26) are transformed by means of linear transformation (4.25) and we have
v, =V sin(wt + @)sin(wt) =V sin(wt + @ — 7 / 2) cos (ot) =
=V cos
v, =V ng)za)t +@)cos(wt)+V sin(wt +@p— 7 /2)sin(wt)= 4.27)
=V sin(p).

The above equations compose the dc components of the original ac signals at the fun-

damental frequency in the synchronous d-g frame. Finally, the inverse linear transfor-
mation from d-q signals to a-f is given as

v, sinwt coswt ||V,
= . . (4.28)
Vg coswt —sinat || v,
Once these previous mathematical bases are explained, to develop the control schemes

in this rotating frame for the single phase case is possible as follows.

For the first approach (Fig. 4.17 a)), the control of active and reactive power is carried
out by two integral regulators, which operate in a coupled way. Control action derived
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from the g current component error (I -I,) acts over the d and g component of the
inverter reference voltage (V'yand V' ¢)- It means that this integral controller adjusts the
amphtude of the reference signal. Control actlon derived from the d current component
error (/ d—Id) acts just over the ¢ component Vq, adjusting the phase of the inverter
reference voltage. This reasoning is derived from the well-known electrical relation-
ships (between P-0 and Q-F). In addition, feedforward loops from the grid voltage are
included to smooth the connection of the inverter to the grid, which avoids undesirable
transients. Finally, as the d-g frame has the same frequency as the grid frequency, and
the d axis is aligned with the grid voltage vector, the ¢ component of the grid voltage
will be zero as in the previous strategy explained.

When V', and V are determined, the mlmmurn value of the required dc-link voltage
can be calculated This reference value (V ) 1s compared with the measured dc-Link
voltage (V,) to activate or not to activate the reference value of D, (D’,), depending on
whether the boosting voltage is needed or not, respectively. Dy is adjusted by the third
integral controller. Finally, the scaled reference signal (v*comm;) is the input for the
SPWM block as

. _(I—D*S) v,

control
V

(4.29)

¢

Fig. 4.17 b) shows a variant of the previous operation strategy by decoupling the active
and reactlve power control loops. In this proposal, control actions from (I"I;) and
from (I -1,) are added to the Vg.qand V.4 feedforward loops respectively, to gener-
ate the inverter reference signal.

This approach is based on the equations (4.13) and (4.14). The dc-link voltage control
is exactly the same as in the previous case.

Fig. 4.17 c) depicts a modification of the control strategy for the dc-link voltage con-
trol. In this case, this control loop is independent of the power controllers, and the dc-
link voltage reference is given by a predefined value.

To validate and compare the three different control strategies described, a comprehen-
sive simulation study was performed based on the parameter of the single-phase proto-
type. The values for the integral controllers (see Table 4.5) were obtained using the
Ziegler-Nichols method based on the response curve [150] and then improved by trial
and error in the simulations.
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Fig. 4.17. Proposed control schemes. a) Coupled power control loops and coupled dc-link voltage
control. b) Decoupled power control loops. ¢) Decoupled dc-link voltage control.
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Table 4.5. Values for the simulation study.

Type Parameter and unit Description Value
Vin (V) Input voltage 365
Electrical values ]
Vgria (V) Grid RMS voltage 230
Kip (s) Time constant for /; 0.05
Power controllers .
(scheme a) Kio (s) Time constant for /, 0.05
Ki. (s) Time constant for V. 0.08
Kip (s) Time constant for /, 0.05
Power controllers .
(scheme b) Ki. (s) Time constant for /, 0.05
Ki. (s) Time constant for V. 0.08
Kip (s) Time constant for /, 0.05
Power controllers .
(scheme ¢) Kiq () Time constant for /, 0.05
Ki. (s) Time constant for V. 0.065
fiw (kHz) Switching frequency 50
Simulation parameters ) )
Ts (ps) Simulation step 0.25

As the main goal of this study is to analyze the system responses in dynamic condi-
tions, different events are programmed. From the off-grid situation, the inverter is con-
nected to the grid at second 0.2. Then, steps in /', and I*q are implemented at seconds
0.5 and 1.2 respectively, in order to inject active and reactive power (2 A). Finally, the
input voltage is suddenly reduced with a step as well, from 365 V to 295 V, because
the boundary between the buck and the boost working mode is around 325 V (peak
value of the grid voltage). With all these events it is possible to analyze all the control
loops based on integral controllers.

Different responses under described conditions are depicted in Fig. 4.18 a), b) and c).
From top to bottom, the evolution of the grid injected currents (/; and 7, components)
for each control strategy are revealed. The transients obtained after the step in Vyy are
derived from the coupling between power control loops and dc-link control loop. Once
the dc-link becomes stable (see Fig. 4.19), the injected power is stable as well.
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Fig. 4.18. Responses of the system under programmed conditions: a) First control scheme. b) Second
control scheme. ¢) Third control scheme.

Fig. 4.19 shows the input voltage and the capacitor voltage in the case of the control
strategy of Fig. 4.17 b) that is selected as the most appropriated strategy. When the
input voltage step is applied, the converter changes from the buck to the boost mode
and, in this last situation, the capacitor voltage acquires the minimum value required to
assure the desired active and reactive power (Fig. 4.19 a)). Evolution of the Dy is pre-
sented in b). Figures c) and d) show the output voltage signals before filtering when Dy
is zero and maximum, respectively.
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Fig. 4.19. Different magnitudes obtained with the second control scheme: a) input voltage and capaci-
tor voltage. b) Output voltage without ST. ¢) D, evolution. d) Output voltage before filtering with ST.

A detailed comparison and discussion according to different criteria such as rise time,
overshoot, settling time and steady state error for each new proposed control strategy is
available in papers [j] and [K], in order to justify why the second strategy is considered
to be the most suitable one.

Three-phase version

The case of study regarding the three-phase 3L-NPC-qZSI in grid-connected applica-
tion is represented in Fig. 4.20.

3L NPC
Inverter

PV array

LCL filter

qZS Network

Fig. 4.20. Case of study. Schematic circuit of a grid-connected three-phase 3L-NPC-qZSI in PV
application.
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In the same way that the control scheme designed for single-phase case (Fig. 4.17 b)),
P and Q can be controlled by using the d-q theory [125]-[129] to generate the reference
signals of the manipulated variables. The main difference with the single-phase ap-
proach is that the imaginary circuit theory is not required since two components in a-f
domain are available. The same requirements for the d-g frame alignment are consid-
ered as previously for the single-phase control scheme.

In grid-connected PV applications, P'is usually given by a MPPT. On the other hand,
O is limited by the rated current of the semiconductors according to the highlighted
equation in Fig. 4.2. In this case, two PI controllers are involved to track P’ and Q* by
acting over the manipulated variables (V'; and V*q, respectively) to produce the desired
voltage signals (using back Clarke and Park transformations). Finally, a V.« feedfor-
ward loop is added again to make easier the synchronization process. Some studies
report a PQ decoupling control [129] but this approach was neglected for the reasons
that will be explained further.

Full operation strategy can be followed on the block diagram of Fig. 4.21.

Power operation strategy Ds control method Ve
Veria (a,b,¢) o
0 abcaﬁ Vgr ; . V;,2+V*.2_>2\/5
. d T =
= i |
T ]d,g/'id
igria (a,b,¢) aff
r—p dq Iq,gml

Switching
signals

Fig. 4.21. Power operation strategy and the proposed ST control method for the three-phase case.

Once the desired voltage signals to control the power are obtained, it is easy to deter-
mine the minimum value of the dc-link voltage required as in the single-phase ap-
proach. From direct and quadrature inverter reference voltages derived from the power
control loops, V. can be composed with the procedure shown in Fig. 4.21. Finally, a
third PI controller is intended for manipulating D",, which assures the required dc-link
voltage by boosting (if necessary) the input voltage.

To tune the three PI controllers, an empirical method by observing the stability of the
system responses was used. Both power closed control loops were adjusted to obtain
fast responses of the manipulated variables ( V', and V*q) without errors in the steady
state in regard to the references powers.

The PI controller dedicated to the dc-link voltage control by acting on the Dy (manipu-
lated variable as well) is tuned according to the next reasoning. If Dy varies, the peak
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dc-link voltage also changes and would become uncontrollable [130]. In addition, this
effect is transferred into the output ac side, which distorts the output voltage and in-
creases the voltage stress across the semiconductors. Finally, changes in Dy also have
influence on the output power. Hence, power controllers are also affected. If the re-
sponse times of power controllers and the dc-link voltage controller are similar, the
interaction between them is really significant and the system responses become unsta-
ble. Due to the aforementioned reasons, the tuning procedure of PI controllers is exhib-
ited as a critical task.

To validate the three-phase control scheme presented, a simulation study based on the
three-phase converter was performed with the main parameters in Table 4.6.

Table 4.6. Main parameters for the simulation study.

Type Parameter and unit Description Value
Vin (V) Input voltage 500-771
Electrical values )
Varia (V) Grid RMS voltage 230
Iy constant for 1, 1-10™
Kp Iy constant for 7, 1-10™
D, constant for V¢ 1-10”
Iy Time constant for /; 510
t Iy Time constant for 7, 510"
D Time constant for V¢ 0.5
fw (kHz) Switching frequency 100
Simulation parameters ) ]
Ts (ns) Simulation step 0.2

In Fig. 4.22 it is possible to see the main waveforms when the input voltage is low and
hence the shoot-through control loop is acting (inverter works in boost mode). Active
power reference is changed to 1.5, to 3 and to 5 kW in seconds 0.4, 0.6 and 0.8 respec-
tively and reactive power reference to 1 kVAr in second 1.

In Fig. 4.22 a) it can be observed that the references of P and Q are tracked properly
and there is no influence between both control loops. Slight distortion in the voltage
shape is observed in b). It is due to the shoot-through insertion. Fig. 4.22 ¢) depicts the
waveforms of input side, where it is possible to observe that input current is in contin-
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uous mode and V. is boosted in comparison with V;,. Finally, in Fig. 4.22 d) the invert-
er voltages are showed with presence of shoot-through states.

Fig. 4.23 represents the evolution of D, during all the simulation time.

One of the most significant advantages of inverter based on impedance-source net-
works is the wide input operation range. Fast changes in input voltages are really
common in PV applications due to fast changes in the irradiance conditions and, in this
sense, next test is presented. Here P and Q responses during a V;, step are analyzed.
This voltage changes from 770 V to 500 V in second 1.2 and the power responses are
depicted in Fig. 4.24. It is possible to verify that in less than 100 milliseconds (5 fun-
damental periods) the system tracks the references again thanks to the regulation of
shoot-through states (inverter changes suddenly from buck to boost mode).
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Fig. 4.22. Main waveforms with shoot-through operation. a) P and Q responses under different refer-
ence values. b) Steady waveforms of v,,;; and iy, ¢) Steady waveforms of ;,, V;, and V. (boost is
seen). d) Steady waveforms of v;,, (with shoot-through switching states).
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Fig. 4.23. D, evolution.
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Fig. 4.24. System response during a step in input voltage.

A more extended version about the control strategy to regulate P and Q in the three-
phase version is exposed in paper [1] of the appendix.

4.3.3 Integration with energy storage systems

This section derives from the unpredictable power generation capability of DG based
on PV (Fig. 4.25 represents the power generated by a real PV plant during a sunny and
cloudy days) which is defined as non-manageable power generation plant [6] due to its
dependency on irradiance and temperature conditions.

The ESS deals with mitigation of inconstant PV power productions produced by
changes in the irradiance. This kind of operation allows to have a better operability and
production predictability of these plants when they are connected to the grid. Moreo-
ver, with the combination of a RES and ESS (battery-assisted PV system), it is possible
to assure a reference active and reactive power (P and Q*) to be injected into the PCC,
which gives a quasi-manageable role to the 3L-NPC-qZSI.

Active power (kW)

sunny day. cloudy day |
2 —
. rd |
-0 d [] ] [ ] ] 1
202 24,08 W0 24 2418

2422 202 25,08 25,10 214

Time (day.hour)

Fig. 4.25. Measured PV generation curve in a sunny and cloudy days.
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Scheme presented in Fig. 4.26 can represent the aforementioned concept. The incon-
stant PV generation (left picture) can be compensated by the charge/discharge of any
ESS (central picture) to finally assure a predictable curve to be integrated the RES with
the main grid (right picture).

|
| 1
Pres (p.u) Pggs (p.u) Pgria (p-u)
0.5 4
0.5 T 05
0
5 10 15 20 % 5 d0 15 20 %5 10 15 20

Time (hours) Time (hours) Time (hours)

Fig. 4.26. Power balance between RES, ESS and grid.

Due to the integration of any ESS with the RES, a four quadrant operation (Fig. 4.27 a)
become possible by charging or discharging the ESS, depending on the availability of
P,, and the grid reference power (Fig. 4.27 b).
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Fig. 4.27. a) Active and reactive power distribution between RES and ESS. b) Active power distribu-
tion between PV generation and battery charge/discharge.

The topology under consideration has the capability of integrating energy storage bat-
teries. Fig. 4.28 illustrates a possible solution of battery integration for the three-phase
topology. In this case battery cells are connected in parallel to the external capacitors.
Another case of the integration of the energy storage battery cells is exposed in Fig.
4.29. In this case the cells are connected in the parallel to the inner capacitors. Both
solutions have their advantages and disadvantages.

In general, the second solution is much simpler from the control point of view. In order
to maintain the charging or discharging mode some certain voltage level must be pro-
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vided on the battery cells. Taking into account the control strategy based on controlling
P and Q by means of M and & previously described, a simple charging/discharging
control can be implemented.

On the other hand, second solution requires high voltage battery cells that must be
approximately equal to the peak grid voltage. In the first version of integration, the
nominal cell voltage can be much lower, but more sophisticated control algorithms are
required.
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Fig. 4.28. First integration possibility of energy storage battery cells.
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Fig. 4.29. Second integration possibility of the energy storage battery cells.
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Typical discharge curve of voltage and current is depicted in Fig. 4.30, where the main
parameters are full charge voltage (Es), full discharge cut off voltage (Ec. o), €xpo-
nential point voltage or the voltage at the end of the exponential zone (£,,,) and nomi-
nal voltage (E,,n). O:p represents capacity at the end of the exponential zone, O, and
Opnax are the nominal and maximum capacity respectively.

Fig. 4.31 shows the sketch of the main functional blocks of the control strategy for
integrating EES.
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Fig. 4.30. Typical discharge curve.
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Fig. 4.31. Sketch of the simplified control strategy for charge/discharge control.

It should be mentioned that the proposed algorithm can be applied for both the above
cases of the storage battery cell connection. V. corresponds to the capacitor voltage.
The main idea of the proposed scheme is to control this voltage when the output power
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is constant while the power from PV varies in a wide range, which depends on the solar
irradiation. Fig. 4.27 b) showed such power distribution.

If the output power from the PV array is higher than required on the output side, the
Pranery, will be positive and the reference voltage level of the capacitor will be raised in
order to provide battery charging. In the opposite case, the reference capacitor voltage
value will be lower than the nominal value that provides the battery discharge.

A simulation study was performed to validate the previous ideas. Fig. 4.32 a) illustrates
the simulation results that correspond to the charge mode of the battery. It can be seen
that the capacitor voltage V¢, is slightly higher than the battery voltage that provides
positive charging battery current Jyuery.

It should be mentioned that the output power is about 1.5 kW. The input power derived
from the PV panel was about 1.8 kW. It means that around 300 W are saved in the

storage battery.

Fig. 4.32 b) illustrates an opposite case. It can be seen that the capacitor voltage Ve, is
slightly lower than the battery voltage that provides the discharging battery current
Ipauery- In this case the input power was around 1.1 kW while the output power required
the same value. It means that 400 W flow from the batteries to the output load.
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Fig. 4.32. a) Main waveforms in the charging mode. b) Discharging mode.

At the same time, it should be emphasized that the diagrams above illustrate only the
operation capability of the charge/discharge control. The current shape of the batteries,
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which is very important in the practical design, can be significantly improved by the
implementation of an additional current control loop.

4.4  Active filtering functions

Power electronic devices are widely used in industrial, commercial and domestic appli-
cations. All of them demand non-sinusoidal current and reactive power from the
source. This phenomena causes voltage distortion at the PCC, that affects to users con-
nected to the same one (Fig. 4.33 represents this cause-effect).

Shunt active power filters (APF) [145] are one of the possible technical solutions to
deal with such problem. By using proper closed loop control strategies to generate the
reference currents, they can supply the reactive power and harmonic contents demand-

ed by the load.
WA S M

4 5

It is not ideal and presents ]
an interconnection | 1
impedance |

The pollution process of current harmonics:
1. User 1 demands current harmonics
2. Those harmonic currents produce harmonic drop voltages when they pass across the grid
impedance
3. The harmonic drop voltages give rise to the voltage at the PCC is not sinusoidal and it
presents harmonics
4. User 2 which is connected at the same PCC than user 1, has a non sinusoidal supply
voltage
5. User 2 is sensitive to these harmonics

AN

Distribution system

Fig. 4.33. Voltage distortion process caused by harmonic loads.

As it was explained, the current low voltage electrical systems include a lot of distrib-
uted PV inverters, which can take advantage of this distributed location to supply the
non-linear loads connected to the PCC, improving in a certain way the grid voltage
quality. In this sense, this section explores the abilities of the 3L-NPC-qZSI, when it is
working as APF and a non-linear load is connected at the same PCC (schematic of
studied case is depicted in Fig. 4.34).
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Fig. 4.34. Schematic of the studied case.

Traditional control strategies for shunt APF generate the reference current that must be
provided to compensate reactive power and harmonic currents demanded by the load.
This involves a set of currents in the phase domain, which will be tracked, generating
the proper switching signals for the electronic converter, by means of the appropriate
closed loop switching control technique such as hysteresis or dead-beat control. Four
control strategies stand out among the literature. Those ones are called: p-¢g method
[147], iz-i; method [151], unitary power factor and perfect harmonic cancellation [152].

The proposed strategy in this section is derived from the p-g theory approach, com-
bined with a dc-link voltage control loop. The operation is explained below, according
to scheme presented in Fig. 4.35.

Reference current of the 3L-NPC-qZSI, (ij, s (a,b,c)), is composed by the active pow-
er from the PV MPPT algorithm, reactive power (¢(?)) and non-active power (p(?)- p(?))
demanded by the load. Those last two terms are obtained as follows: once have been
Vgria (a,b,c) and ij.q (a,b,c) sensed, they are transformed into a-f quantities (Clarke
transformation) in order to calculate the instantaneous real power (p(?)) and the instan-
taneous reactive power (g(?)) as:

p(t) = vgrid,zx : iLoad,a +vgrid,ﬂ : iLaad,ﬁ (430)

q(t) = Vgrid,a ' iLoad,ﬁ _vgrid,ﬂ ' iLoad,a . (43 1)
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Fig. 4.35. Block diagram of the proposed control strategy.

After filtering p(?), just ac component (non-active power) of p(?) is left. Subsequently,
it is easy to obtain a-f quantities of i, s (a,b,c) to finally turn them into phase domain
currents with inverse Clarke transformation. Operating in this way, just sinusoidal
current in phase with the grid voltage will be demanded from the distribution grid.

The de-link voltage control loop is built with one integral controller, which adjusts the
shoot-through duty cycle depending on the error between a predefined value for the dc-
link voltage (V. rs) and the sensed dc-link voltage (V) (it is as indirect dc-link con-
trol method again). If error is positive, boost mode is presented in the converter.

In order to track i, (a,b,c), a proportional controller is performed to limit the maxi-
mum current ripple. Error between reference and sensed currents is scaled with the
assumed ripple. After this, it is needed to limit such value in order to take into account
the possibility of including D, due to the next constraint (implementation sketch is
depicted in Fig. 4.36):

M <1-D,

5

(4.32)

The obtained values after this procedure are considered as duty cycles of the 3L-NPC-
qZSI. To generate the switching signals (active states, zero states and shoot-through
states), the PWM explained in section 3.5.2 is applied.

iinv,rzf/' (a’ b! C) ]_DS
% Ai Duty cycle
imv (a,b,c)
A Tpax
Proportional
controller

Fig. 4.36. Block diagram of duty cycle generation.
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Different conditions are selected to analyze the system performance. They can be
summarized in:

* No compensations.

* Reactive power and harmonic content (demanded by the load) compensation. It is
assumed that the Pypp is equal to zero.

* Reactive power, harmonic content compensation and the P,pp is equal to fundamen-
tal active power demanded by the load.

* Reactive power, harmonic content compensation and the Pypp is higher than the fun-
damental active power demanded from the load.

To illustrate the good performance of the full system, just the fourth case is showed
below, as it is considered as the most general one. Fig. 4.37 a) represents the demanded
current by the load. In this last situation, the power of the PV array at the MPP is high-
er than the fundamental active power, the power that the load is demanding. The excess
of this active power is injected into the grid; hence, a sinusoidal current in phase with
the voltage at the PCC is flowing into this. Waveforms of i,,, (a,b,¢) and iz (a,b,c)
are depicted in Fig. 4.37 b) and c), respectively.

Fig. 4.37 d), e) and f) show other relevant waveforms, input current into the qZ net-
work, dc-link voltage and voltage between the middle point of branch a and the
ground. Fig. 4.37 d) shows that the input current is in continuous mode. Fig. 4.37 ¢)
and f) reveal that the converter is working in boost mode, because both voltages drop
uniformly to zero during the whole fundamental period because of the insertion of ST
states.

Description and waveforms of the other three considered scenarios can be found in
paper [m] in the appendix.
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Fig. 4.37. a) Current demanded by the load. b) i;,, (a,b,c) with non-active, reactive power compensa-
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Chapter 5

Conclusions and
Future Works

5.1 Summary of key results

This Doctoral thesis presents a new topology from the family of single-stage buck-
boost multilevel inverters — the three-level neutral-point-clamped quasi-Z-source in-
verter. The proposed three-level neutral-point-clamped quasi-Z-source inverter com-
bines such advantages of the quasi-Z-source inverter and three-level neutral-point-
clamped voltage source inverter topologies as low voltage stress of the switches, sin-
gle-stage buck-boost power conversion, continuous input current, shoot-through with-
standability, and low output voltage and current THD. Thanks to the blocking voltage
of the main switches, that is reduced twice compared to the two-level topology, faster
transistors can be implemented. It will result in higher switching frequencies and,
therefore, a more compact impedance source network and low pass output filter. For
the three phase version, MOSFET based on SiC semiconductors are used because of
this new appearance in the market.

A special new carrier-based modulation technique for the three-level topology with the
distributed shoot-through generation is developed. The control method proposed has
the ability to balance the dc-link voltage. As a result, it obtains the capability of com-
bining the required boost factor with the superior output voltage quality. The first and
new proposed modulation method in single phase version was improved since it was
observed that switching signals and duty cycles (directly connection with power losses)
of switches were quite unbalanced inside of each branch. The main advantage of this
second technique consists in equally distributed switching and conduction losses
among two branches while the total converter efficiency remains approximately the
same. The new approach was extended to the three-phase system based on the same
basis. The efficiency of this inverter, in the rated power point is higher than 98 % and
in the boost mode, by using shoot-through signals, efficiency is not lower than 95.5 %.
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Related to the control schemes of this special inverter, it can be summarized that basi-
cally these schemes must provide coexistence of an operation strategy of the inverter, a
maximum power point tracking algorithm, a dc-link voltage control method and a spe-
cial modulation technique to embed the shoot-through states into the normal ones.
Firstly it has been investigated how the traditional maximum power point tracking
algorithms can be applied to this family of inverters. Then a new control strategy for
single phase Z/qZ source inverter based on a d-q synchronous reference frame with an
indirect dc-link control method is proposed. The control strategy generates the d-g
reference voltage components of the inverter in order to control the active and reactive
power flows. This first approach has been improved since a strong coupling between
power control loops and the dc-link voltage control loop was observed. For this single
phase application some difficulties were found since the original d-g and p-g theories
were developed to three-phase three-wire or four-wire systems and they cannot be used
directly for single-phase systems. For the three-phase system, a similar scheme was
derived based in a d-q synchronous reference frame as well. Finally there was proposed
some control schemes to explore the abilities of this new inverter to be integrated with
energy storage systems and to deal with active filtering functions. With all of this func-
tionalities the new inverter will become and active device of the electrical grid ensuring
local support, quality warranties and security of supply.

5.2 Future work

Future research is related to the experimental validation of some of the new proposed
control algorithms for grid-connected active functionalities of the three-level neutral-
point-clamped quasi-Z-source inverter. Since the main objective was to demonstrate
the abilities and high performance of this new converter, it was decided to use for the
control system different embedded solutions based on FPGA. To deal with new chal-
lenges, a new prototype compatible with rapid prototyping control platform will be
assembled to tune and to optimize in a faster way the control parameters.

Other future research will be the experimental comparison between different member
of this family of buck/boost multilevel inverter in photovoltaic application according to
certain parameters such as performance, reliability, cost and power density.

It is also interesting to remark that the influences and relationships between the imped-
ance network and the output filter have not been reported yet in the literature. It is a
possible topic for future research as well.

5.3 Resumen de resultados principales

Este trabajo de Tesis Doctoral presenta una nueva topologia dentro de la familia de
inversores multinivel reductores-elevadores en una sola etapa. El convertidor se deno-
mina “inversor de tres niveles con el punto neutro fijado con fuente cuasi impedante”,
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en version monofasica y trifasica. La topologia propuesta combina las ventajas inheren-
tes a los convertidores con red impedante y las de los inversores multinivel tales como
un menor stress de sus semiconductores, conversion de energia en una sola etapa con
elevacion, corriente de entrada en modo continuo, proteccion frente a cortocircuitos y
menor tasa de distorsion de la tension y de la corriente de salida. Dado que la tension
de bloqueo de los semiconductores que constituyen la nueva topologia se reduce a la
mitad respecto de los inversores convencionales de dos niveles, se han podido utilizar
transistores mas rapidos para su construccion, resultando en la operacién del mismo
con frecuencias de conmutacion mas elevadas, con elementos pasivos de la red impe-
dante y del filtro de salidas de menor tamafio. Para la version trifasica se emplean se-
miconductores MOSFET con SiC dada su novedad en el mercado.

También se ha desarrollado una nueva técnica de modulacion para este convertidor que
genera estados de conmutacion “shoot-through” uniformemente distribuidos durante
todo el periodo fundamental. Esto supone una mejora en cuanto a la calidad de la ten-
sion de salida ademéas de proporcionar el valor de elevacion de tension necesario. La
primera propuesta que se hizo para la version monofasica fue mejorada, pues se obser-
v6 una distribucion dispar del nimero de conmutaciones entre los semiconductores de
cada rama. De esta forma la distribucion de las pérdidas queda equilibrada, aumentan-
do Ia fiabilidad del sistema. También se ha desarrollado la técnica de modulacion para
la version trifasica de manera similar al caso monofasico, obteniéndose un rendimiento
del 98 % en modo reductor y del 95.5 % en modo elevador.

En lo que respecta a los esquemas de control de este inversor se resume que en ellos
debe coexistir la estrategia de operacion, un algoritmo para el seguimiento del punto de
méxima potencia, un método de control de la tension del bus dc y una técnica de modu-
lacién que permita embeber los estados shoot-through junto con los estados normales.
Primeramente se han investigado como estos algoritmos para el seguimiento del punto
de maxima potencia pueden ser adaptados para este convertidor mediante el empleo de
nuevas variables de control. A continuacion se propone una nueva estrategia de control
para la version monofasica basada en un marco de referencia sincrono en ejes d-g junto
con un método de control indirecto del bus de continua. Como la teoria d-g y p-q se
desarrollaron originalmente para sistemas trifasicos a tres o cuatro hilos, se encontraron
dificultades para su implementacion en el sistema monofasico. Con el primer esquema
propuesto se observd un acoplamiento importante entre los lazos de control de la po-
tencia activa y reactiva y de tension del bus de continua, el cual fue resuelto en una
segunda version del mismo. Finalmente se investigan otros esquemas de control para
tener una idea de como este inversor puede realizar funcionalidades activas como el
filtrado activo y una mejor gestion de la energia mediante almacenamiento. Con todas
estas funcionalidades el inversor conseguird ser un dispositivo activo conectado a la
red, proporcionandole apoyo, garantizando una mayor calidad y seguridad de suminis-
tro.
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From the strategy operation point of view, new trends in islanded microgrid and its
particular control schemes (hierarchical control) would require the analysis of these
methods and their adaptation to be used for this converter topology.

5.4 Trabajos futuros

Un trabajo futuro nacido como fruto de esta investigacion es la validacion experimental
de algunos de los algoritmos de control propuestos para desarrollar funciones activas
en conexion a red por parte de esta nueva topologia novedosa. Dado que el objetivo
principal fue la construccion y validacion las capacidades de este convertidor con alta
eficiencia, se emplearon soluciones para el sistema de control basadas en sistemas em-
bebidos como FPGA. Para acometer estas actividades, se plantea la construccion de un
prototipo compatible con plataformas de prototipado rapido, con el fin de optimizar de
una manera mas rapida los parametros de control.

Otra investigacion futura es la comparacion experimental entre diferentes miembros de
esta familia de convertidores, muy adecuados para aplicacion fotovoltaica, en cuanto a
parametros como rendimiento, fiabilidad, coste y densidad de potencia.

También se destaca que la influencia y relaciones de dependencia entre los elementos
pasivos de la red impedante y los del filtro de salida todavia no han sido estudiadas.
Este tema de investigacion se plantea también como posibilidad para el futuro.

En lo que respecta a las estrategias de control, las nuevas tendencias en microrrredes y
sus esquemas de control particulares (control jerarquico) requeririan el analisis y adap-
tacion para la aplicacion en estos nuevos convertidores.
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Abstract: This research work analyzes the most popular maximum power point tracking algorithms for an off-grid photovoltaic system
based on three-level neutral-point-clamped quasi-z-source inverter topology to transfer the maximum power to the loads or storage
systems. Classical methods, such as dP/dV feedback, perturb and observe method and incremental conductance, have been adapted
for this novel topology and tested by simulation in SimPowerSystem from Matlab/Simulink. All of them use the shoot-through duty
cycle as a control variable in dynamic conditions of irradiance to generate the reference shoot-through duty cycle in the modulation
technique. In the studied case the power converter is feeding a pure resistive load in all the methods compared. Finally, the dP/dV
method has been implemented in the control system of an experimental prototype and verified in a real photovoltaic system.

Keywords: Multi-level inverter, solar energy, pulse width modulation converters, neutral-point-clamped inverter, quasi-z-source
inverter, shoot-through, maximum power point tracking, photovoltaic system

Sledenye tocke najvecje moci s trinwoyskim NPC
quast-Z-source neomrezrum razsmernikom v

solarnih aplikacyah

Izvlecek: Raziskava opisuje najbolj popularen algoritem sledenja tocke najvecje moci za neomrezne fotonapetostne sisteme na
osnovi trinivojskih NPC quasi-z-source topologij razsmernika za prenasanje najvecje moci v bremena ali shranjevalnike. Klasi¢ne
metode, kot so dP/dV, motilno opazovalne metode in inkrementalna prevodnost, so bile prirejene za novo topologijo in preizkusene
s simulacijskimi orodji SimPowerSystem in Matlab/Simulink. Za generiranje referen¢nega kratkosti¢nega vklopnega razmerja v
tehniki moduliranja vse metode za kontrolni parameter v dinamicnih razmerah sevanja uporabljajo kratkosti¢no vklopno razmerje.
V raziskavah je v vseh primerih razsmernik napajal ¢isto uporovno breme. Konéno se je dP/dV metoda vgradila v kontrolni sistem
prototipa in se preverila na realnem fotonapetostnem sistemu.

Klju¢ne besede: vecnivojski razsmernik, solarna energija, pretvornik s pulzno $irinsko modulacijo, NPC, quasi-z-source razsmernik,
slednje tocke najvecje moci, fotonapetostni sistem

*Corresponding Author’s e-mail: croncero@peandes.net

1 Introduction CO, emissions and technological advancement are

boosting the distributed generation (DG).
Today's power electrical system scenario differs essen-

tially from the traditional configuration. Several factors Photovoltaic solar energy is one of the most relevant
such as increased electrical consumption, electricity distributed energy resources in this new scenario [1].
market liberalization, the need to reduce pollution and Due to increased use of this technology, several regu-

212 © MIDEM Society
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lations [2] have been established in order to manage
the photovoltaic plant inverters. These regulations
stipulate that the inverters are to provide support and
stability during grid fault events and injected reactive
power is necessary in order to restore the voltage at the
point of common coupling (PCC), especially when volt-
age sag occurs.

This energy can output only DC voltage, therefore
an inverter interface has to be used, which requires
reduced cost and increased reliability inverter to-
pologies. Among inverter topologies, the three-level
neutral-point-clamped (3L-NPC) inverter has several
advantages over the two-level voltage source inverter,
such as lower semiconductor voltage stress, lower re-
quired blocking voltage capability, decreased dv/dt,
better harmonic performance, soft switching possi-
bilities without additional components, higher switch-
ing frequency due to lower switching losses, and bal-
anced neutral-point voltage. As a drawback, it has two
additional clamping diodes per phase-leg and more
controlled semiconductor switches per branch. The
3L-NPC can normally perform only the voltage buck
operation. In order to ensure voltage boost operation,
an additional DC/DC boost converter should be used in
the input stage [3]-[5]. It is necessary because in solar
energy application, a wide range regulation capability
of the input voltage is required due to its dependence
on irradiance (W) and temperature (T).

To obtain buck and boost performance in a single
stage, the focus is turned to a quasi-Z-source inverter
(qZSl). The gZSI was introduced in [6] and it can buck
and boost the DC-link voltage in a single stage without
additional switches.

The gZSI can boost the input voltage by introducing
a special shoot-through switching state, which is the
simultaneous conduction (cross conduction) of both
switches of the same phase leg of the inverter. In ad-
dition, the qZSI has a continuous mode input current
(input current never drops to zero), which makes it es-
pecially suitable for renewable energy sources (e.g. fuel
cells, solar energy, wind energy).

A new gZSI topology was proposed and described in
[7]. It is a combination of the gZSI and the 3L-NPC in-
verter. The three-level neutral-point-clamped quasi-z-
source inverter (3L-NPC gZSI) has advantages of both
of these topologies.

Since the mentioned topology is rather new, in all pre-
vious studies the 3L-NPC qZSI was considered as an off-
grid system [7]-[10]. To be connected to the electrical
grid, a wide range of conditions should be considered
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(synchronization with the grid voltage, MPPT, anti-is-
landing methods, reactive power control, etc).

This paper discusses three MPPT algorithms (dP/dV
feedback, perturb and observe method and incremen-
tal conductance) by simulation that can be used in this
topology, using the shoot-through duty cycle as a con-
trol variable. In our experimental investigation one of
the algorithms was verified in a real photovoltaic sys-
tem.

yystem description

Fig.1 shows the photovoltaic conversion system each
stage of which will be explained in this section.
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Figure1: Off-grid photovoltaic conversion system
based on the 3L-NPC qZSI.

2.1 PV Array Model

Solar panels provide a limited voltage and current fol-
lowing an exponential |-V curve.

Several models have been proposed for solar panel
simulation in the literature [11]-[15]. Most of them
model the solar cell as an electrical equivalent circuit
where such parameters as junction resistor between
P-N unions, the contact resistor between cells and
metal parts (R) and the resistor for shunt currents (R,)
are needed. In [11-13], even the diode factor and the
effective cell area are necessary. These parameters are
not provided by the solar panel manufacturers in data-
sheets, which makes it difficult for engineers and users
to apply these models.

Due to these reasons, a mathematical model based on
|-V exponential curves and parameters provided by
manufacturers in a datasheet was used to simulate the
PV array. Mathematical foundation is detailed in [16].
By means of this model and the appropriate series-par-
allel association of modules, any PV array could be sim-
ulated. The family of I-V and P-V curves simulated in dif-
ferent conditions of temperature (T) and irradiance (W)
for the case of solar panel Shell SP150-P [17] is shown
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in Fig. 2 a) and b). The values of V_, I , I, ., and V, .. were
achieved with an error less than 1% in comparison with

those provided by the manufacturer.
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Figure 2: a) I-V family curves changing irradiance. B) P-V
family curves changing temperature.

2.2 DC/AC Interface

DC/AC conversion is carried out by means of a single
phase 3L-NPC qZSI [7]. This topology presents some
particular features, such as continuous input current,
higher switching frequency due to lower switching
losses, balanced neutral-point voltage and high qual-
ity of the output voltage in comparison with traditional
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inverters providing benefits in PV conversion applica-
tions. One of the most important capabilities of the
qZS family of inverters is the possibility of boosting
the input voltage by means of shoot-through switch-
ing states. This boosting possibility avoids the use of a
DC-DC boost converter between the PV array and the
inverter to achieve the MPP operation and the control
of the system. Passive elements of the qZ network have
been calculated according to the method proposed in
[9].

2.3 Output Filter and Load

An L-C filter has been chosen to minimize the THD of
the output voltage. Filter values have been calculated
according to the guidelines in [18]. It is based on cur-
rent and voltage ripples among others criteria.

To analyze the transferred power from the PV array to

the load, a pure resistive load is connected between
the branches.

3 Modulation technique

A special sinusoidal pulse-width modulation (SPWM)
technique was implemented in order to generate the
switching signals of the power converter.

There are two kinds of switching signals to generate
separately in ZS and gZS inverters. On the one hand, it
is necessary to generate the normal switching signals
(S,) in order to track the reference signal. On the other
hand, the shoot-though states must to be added care-
fully.

Some requirements must be satisfied when shoot-
through states are generated, for instance, the aver-
age output voltage should remain unaffected and the
shoot-through states have to be uniformly distributed
during the whole output voltage period with constant
width. These features result in several advantages, such
as minimum ripple of the input current, minimum val-
ue of the passive elements, reduction of the THD of the
output voltage, and gaining of the desired boost factor.

In this work the modulation technique proposed in
[10] was used to achieve the aforementioned features.
Fig. 3 shows the generation of the normal and shoot-
through switching states with this modulation tech-
nique and Fig.4. depicts its implementation sketch.
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Figure 3: Simulation of the used shoot-through modu-
lation technique.
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Figure 4: Sketch of the implementation of the modula-
tion technique.

4 MPPT algorithms for 3lnpc gzsi

Tracking the maximum power point (MPP) of a PV array
is necessary due to the high cost of solar panels and the
dependence of power with W and T [19], being an es-
sential task of PV inverters. In this way, many maximum
power point tracker (MPPT) algorithms have been
proposed in the literature [20]. Those methods vary in
complexity of implementation, sensors required, con-
vergence speed, cost, range of effectiveness and hard-
ware implementation among others [20].

Three most traditional MPPT algorithms are highlight-
ed due to their capabilities: perturb and observe (P&O),
incremental conductance (InC) and the method based
on DP/dV or dP/dI feedback.

Explained in this section, these MPPT methods have
been adapted for the 3L-NPC qZSI topology. All of
them work using the shoot-through duty cycle (D) as a
control variable to track the MPP in dynamic irradiance
conditions as well.

Fig. 5 shows the block diagram of the photovoltaic con-
version system to be controlled in which the MPPT al-
gorithms have been implemented.

Figure 5: Block diagram of the studied photovoltaic
conversion system.

4.1 Method Based on dP/dV Feedback

One way to achieve the MPP operation is to calculate
the slope (dP/dV) [21]-[25] of the PV array power curve
and feed it back to the converter with any control
method to drive such slope to zero.

Depending on the topology and the mode of working
of the converter, the slope can be computed in different
ways. In our case, a Pl controller that adjusts the D, of
the shoot-through modulation technique explained in
section Il is used to drive the slope to zero. The Pl con-
troller was tuned manually, looking for a slow response
without error in steady state. This fact is considered to
emulate the inertia and the response times of the elec-
trical grid (synchronous machines and conventional
power plants) to avoid instabilities and transient non-
desired effects [26] when the converter is connected to
the grid. Fig. 6 shows the implementation scheme of
the MPPT algorithm based on dP/dV feedback for the
3L-NPC gZSl using the D, as a control variable.

D,

» dP. 8
[ . Pl L T e
- P I ontroler Switching Sgnas
) *
dv,
& - MPPT algorithm based on
M=l Y dPYaV

Figure 6: Implementation scheme of dP/dV feedback
method.



C. Roncero-Clemente et al; Informacije Midem, Vol. 43, No. 4(2013), 212 - 221

4.2 Perturb and Observe Method (P&0)

This method [27]-[29] has been used by many research-
ers in different ways but the idea remains the same. A
perturbation in the voltage of the PV array is perturb-
ing the PV array current, resulting in the modification
of the PV array power. By means of the increment of
the PV voltage when the operation is on the left of the
MPP, the PV power is increased and the PV power is de-
creased if the operation is on the right of the MPP. The
same reasoning is possible when the PV voltage is de-
creased. If one perturbation in one direction produces
the increment of the PV power, the next perturbation
should be in the same direction and if it is not the case,
the perturbation has to be reverse. Table | summarizes
the process.

To produce the perturbation in the voltage of the PV
array of our case where the DC/AC is converted by a
3L-NPC gZSl, perturbations in the D, are inserted. The
value of this perturbation is equal to 0.005. By means
of this process the MPP is reached and the system oscil-
lates around the MPP, as shown in Fig. 7 (points A and
B). Fig. 8 depicts a sketch of the implementation of this
method.

Table 1: Summary of MPPT Algorithm Based on P&0O

Perturbation | Change in Power | Next Perturbation

Positive Positive Positive
Positive Negative Negative
Negative Positive Negative
Negative Negative Positive

(] 5 10 15 20 25 0 35 40 a5
Vv (V)

Figure 7: Power operation with the P&0O MPPT method.
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4.3 Incremental Conductance (IncConcd)

This method [30]-[31] analyzes the slope of the PV array
power curve. This slope is zero at the MPP, positive on
the left of the MPP and negative on the right. Thus:
dP _d{V)_ 1+V£— I+ V D7/

dv dv dv DV

and as a consequence, the incremental conductance
Al/AV is equal, greater than or less than -I/V at the MPP,
on the left of the MPP and on the right of the MPP, re-
spectively. The MPP can be tracked by comparing the
instantaneous conductance (I/V) with the incremental
conductance (Al/AV) as the flowchart in Fig. 9 shows. In
our case by changing D, the voltage V_ where the PV
array is forced to operate is changed, trying to find the
MPP (Al/AV=-I/V).

@)

The size of the incremental step (changes inserted in
D, determines the convergence (velocity and accu-
racy) of this MPP tracking method. Using larger incre-
ments in the control variable, the system will be faster
but it will not operate close to the MPP. The step size
was designed taking into account the same criteria as
the tuning of the PI controller in the method based on
dP/DV feedback.

Inputs: Vipvit),
Ipvit)
Al Ipvit)pvit-at)
AV Vpvt-Vput-A

Increment Ds Decrement D [Decrement Ds] [ Increment Ds

Ipv{t-At=ipwit)
Veut-A )=Vt

Return

Figure 9: Incremental conductance flowchart.

5 Simulation results

PP aigor
(R ep—

Figure 8: Implementation scheme of the P&0O method.
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In order to verify the explained MPPT algorithms, a
comprehensive simulation study was performed in
SimPowerSystems of Matlab/Simulink. Parameters of
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the simulation are described in Table Il. To analyze the
transferred power to the load and the effectiveness of
each MPPT method, a smooth step (Fig. 10. a) in the ir-
radiance from 1000 W/m2 to 900 W/m2 (Fig. 10. b)) in
second eight up to sixteen was made while the tem-
perature was maintained constant (25 °C). This action
emulates the shadows phenomena. Fig. 11 shows the
evolution of the transferred power from the PV array to
the load and the evolution of the control variable (D)
in dynamic conditions by using each MPPT algorithm.

Table 2: Simulation parameters.

Group Parameter Description and unit | Value
V.. Open circuit voltage (V) | 43.4
I Short circuit current (A) | 4.8
| Maximum power point 44
mPP current (A) .
PV Array - -
v Maximum power point 34
mpp voltage (V)
N Series connected panel 7
N, Parallel connected panel| 1
Inductors L,L, (mH) 2.55
Inductors L,,L, (mH) 0.255
Capacitor C,,C, (mF) 4
Passive -
Capacitor C,C mF 13
Elements| " 2 (mF)
Rons @ 60
Ce (1F) 047
Ly (mH) 44
K Proportional constant of 0.001
P Pl controller )}
dP/dv
K Integral constant of Pl 001
i controller i
P&O Perturbation sizein D, | 0.005
Inc Cond Perturbation size in D, | 0.005

5.1 Method Based on dP/dV Feedback

Figs. 11 (a) and 11 (b) show the evolution of the trans-
ferred power to the load and the evolution of the D,
when the MPPT algorithm based on dP/dV feedback is
working. We can see how the system works in the MPP
in each level of irradiance at high accuracy by means of
the adjustment of the D.. It is important to pay atten-
tion to some singularities (second sixteen) that could
appear when any of the denominators (dV) are equal to
zero during the iterative process. The algorithm must
be protected against this cause of instability.

5.2 P&O

Figs. 11 (c) and 11 (d) show the evolution of the output
power and the D, in the case of the P&0O method. The
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Figure 10: a) Smooth step applied in the solar system.
b) P-V array curves in each level of irradiance during the
step.

system again tracks the MPP with accuracy. In this case
the system is working around the MPP.

5.3 IncCond
In Figs. 11 (e) and 11 (f) the same variables are shown

for the third presented MPPT algorithm.The MPP is also
achieved in each level of irradiance using this method.

6 Analytical comparison

In order to compare the exposed MPPT algorithms for a
3L-NPC gZSI, each algorithm is analyzed in this section.

According to the number of required sensors, all of
them need the measure of voltage and current of the
PV system to track the MPP. There are other traditional
algorithms, such as the MPPT algorithm based on the
fractional control of V__and | or the method based on
the DC link capacitor drop control that only requires
the measure of one variable.

In terms of the complexity of the implementation of
the analyzed methods, perturbation and observation
and incremental conductance are of low complexity
level because they are based on simple mathematical
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Figure 11: Evolution of transferred power and the evolution of Ds during a step in irradiance in each MPPT algorithm

analyzed.

calculations. The MPP tracking algorithm based on dP/
dV feedback is more complex due to the necessity to
tune a Pl controller and the calculation of a division of
derivates in which it is necessary to prevent possible
denominators equal to zero.

Another interesting feature is that the three algorithms
can be implemented in digital or analogical technolo-
gies.

The speed of convergence of each method is quite dif-
ferent. On the one hand, methods based on perturba-
tion and observation and incremental conductance
present a variable speed that depends on the size of
the step. A larger step produces faster convergence
but at the same time, lower accuracy is achieved be-
cause the oscillation around the MPP will be larger. On
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the other hand, the MPPT algorithm based on dP/dV
feedback, in general, has fast convergence. This speed
depends on the parameters of the Pl controller. In our
case, every method has been implemented to find a
slow response without error in steady state. This fact
is considered to emulate the inertia and the response
times of the electrical grid (synchronous machines and
conventional power plants) to avoid instabilities and
transient non-desired effects when the converter is
connected to the grid and some changes in the irradi-
ance or temperature occur. Also, the designed D, gap
of each method has been chosen between 0 and 0.2.
Maximum power per used panel is 149.6 W when irra-
diance and temperature are 1000 W/m?and 25 °C. After
the step when irradiance decreases to 900 W/m?, the
maximum power is 135.17 W per panel. In the studied
case where there are seven panels connected in series,
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the array maximum power is 1054 W and 946.2 W in
each situation. Using any of the studied methods, such
values were achieved with accuracy.

7 Experimental results

In this section the experimental tests are explained.
The chosen MPPT algorithm to be implemented in the
experimental prototype is based on the adapted P&O
using D, as a control variable to introduce the pertur-
bation in the system to reach the MPP. It is due to sev-
eral reasons: it has a simple structure which allows an
easy implementation: only two sensors are needed (to
measure | andV ), it can be used for digital or analog
systems and it is not necessary to adjust any control
system as a Pl controller among others.

The converter built is described below. Table IIl shows
the parameters of the experimental prototype of the
3L-NPC gZS inverter, with values of passive elements
and also the type of semiconductors indicated. Passive
elements were calculated according to [9] and [18], as
in simulation studies. Fig. 12 shows the full system.

The control system is implemented in a low cost FPGA
Cyclone IV family from Altera company [8]. Flexibility is
the main advantage of this option, which allows real-
izing the shoot-through modulation technique with
digital signal processing at high sample frequency. The
measurement board is composed of the required cur-
rent and voltage sensors.

Table 3: System parameters of the experimental pro-
totype.

ELEMENT VALUE OR MODEL

. Cyclone IV
Control Unit (FPGA) EPACE15E22C8
Driver Chip ACPL-H312
Power switches FCH47N60NF
gZS and clamp diodes CREE C3D20060D
Input DC voltage U, 220-450V
Nominal Oulthut AC voltage 230V
out
Capacitance value of the
capacitors C,, C, 4000 pF
Capacitance value of the
capacitors C,, C, 1000 pF
Inductance value of the
inductors L, ... L, 145 uH
Inductance of the inverter
filter inductor L, 560 pH
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Inductance of the grid filter
inductor L 200 pH
Capacitance of the filter
capacitor C; 0.47 uF
Switching frequency 100 kHz
Input 240-440 ¥ DG Output 230V AC
T ey

| voltage and current
il measurement circuits

qZ5 dicdos

Figure 12: 3L-NPC qZS experimental prototype.

The experimental tests were carried out with a solar
array composed of 14 modules LDK 185 D-24 (s), the
principal parameters of which in standard conditions
of W and T are shown in Table IV. Two strings of 7 serial
panels were connected in parallel (2x7 configuration)
to obtain a proper input voltage range. The output
power is transferred to a pure resistive load.

Table 4: Parameters of module LDK 185 D-24 (s).

Value at standard

Parameters conditions (1000

W/m? and 25 °C
Nominal output power (Pmax) 185W
Voltage at Pmax (Vmpp) 369V
Current at Pmax (Impp) 5.02A
Open circuit voltage (Voc) 451V
Shot circuit current (Isc) 548 A

Fig. 13 shows the obtained results after reaching the
maximum power point operation: the output current,
output voltage, input PV voltage and input PV current.

Output magnitudes have a high level of quality. Meas-
ured total harmonic distortion (THD) with YOKOGAWA
DL850V equipment is 1.5 %. Input PV voltage presents
a low frequency ripple at 100 Hz. It is typical of single
phase systems. Input PV current presents this low fre-
quency ripple and also ripple at high frequencies due
to the switching frequency.

The transferred output power to the load is 1945 W,
corresponding to the solar array maximum power at
real conditions.
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Figure 13: Experimental results at the maximum power
point operation. From top to bottom: output current,
output voltage, input PV voltage and input PV current.

8 Conclusions

Three traditional maximum power point tracking al-
gorithms (methods based on dP/dV feedback, perturb
and observe and incremental conductance) have been
compared by means of simulation using SimPowerSys-
tem of Matlab/Simulink. Each method has been adapt-
ed for a 3L-NPC gZSI using the shoot-through duty
cycle as control variable to reach the MPP operation.
Theoretical fundamentals and simulation results have
been presented and discussed according to different
criteria in order to choose the best solution for a real
system. The P&0O method, as the best solution, was cho-
sen and implemented in the prototype and validated in
areal solar plant.
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Abstract—This paper presents a new modified carrier based
single phase modulation technique with maximum constant
boost control for three level Z or qZ-source inverter topology.
The proposed techni is expl d, analysed and compared
with the previous one in simulation as well in experimental
way. Obtained results are compared from the point of view of
power losses in the electronic switches. Advantages and
disadvantages of the converters performance based on the

proposed modulation techni pl ation are di

q

Index Terms—Power conversion, pulse width modulation
converters, solar energy, power semiconductor switches.

L

There are several modulation techniques or shoot-through
control methods in the literature for single phase or three-
phase two level Z source inverters [1]-[4]. Mainly, these
controls are classified in: simple boost (SBC) [1], maximum
boost (MBC) [2], maximum constant boost (MCBC) [3] and
modified space vector modulation (MSVMBC) [4]. They
have been used for controlling converters in several
applications such as PV solar energy and fuel cells among
others [5]-[6]. In addition, all those techniques can be used
for qZ voltage source inverter [7].

In order to select the most appropriate one, it is necessary
to take into account many key aspects as: shoot-through (Ds)
states must be carefully and centrally added (uniform
distribution), size of the passive elements (direct connection
with the cost of the converter), THD of the output voltage,
DC-link voltage ripple, switch voltage stress, inductor
current ripples, efficiency, boost capabilities and the final
application of the energy conversion. In [8], a deep
experimental comparison between different modulation
techniques for three-phase two levels Z-source inverter is
discussed according to some aforementioned criteria. The
main comparative results are represented in Table I. MCBC
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method is presented as a best option among the others.

Focusing now the attention on multilevel inverter
topologies, modulation and control methods have had a high
level of dedication by researchers in the last years [9]-[15].

A perfect comparison between different modulation
methods was presented in [11]. They divide the modulation
methods for multilevel converter in two main groups: space
vector based methods and carrier based methods. Fig. 1
illustrates such classification just in case of high frequency
applications.

TABLE I. MODULATION TECHNIQUES FOR Z OR QZ SOURCE

INVERTER [8].
Modulati hniq SBC MBC MCBC MSVMBC
Criteria
Line voltage harmonic - + 0 +
Phase current harmonic 0 0 + -
DC-Link voltage ripples 0 - + 0
Switch voltage stress 0 + 0 -
Inductor current ripples 0 - + -
Efficiency 0 + + -
Obtainable AC voltage 0 0 + -
Total - e | Hemem

Multilevel modulations for
single-phase high
frequency applications

Space vector
based algorithms

1 1 1
Phase shifted Level shifted
() [ ) )

I

L 1
1 Al A

Phase disposition Alternate Opposition

PWM disposition PWM

Opposition
Fig. 1. Classification of multilevel high frequency modulation techniques.

Carrier based
algorithms

disposition PWM

Due to the aforementioned characteristics and
recommendations, a new level shifted PWM (LS-PWM) in
phase opposition disposition with MCBC was proposed in
[16] for controlling a single-phase 3 level Neutral-Point-
Clamped quasi-Z source Inverter (3L NPC qZSI) (Fig. 2).
This modulation technique and its switching signal
generation are depicted in Fig. 3. Also, it is explained in
details in [16].
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branch A branch B

= Vi

qZS network

3L NPC inverter

Output filter
and load

Fig. 2. Single-phase 3 level Neutral-Point-Clamped quasi-Z source inverter topology.

This modulation technique has been implemented and
used in different works with success [7], [17]. But, at the
same time, it is observed that switching signals and duty
cycles (directly connection with power losses) of switches
are quite unbalanced inside of each branch. This
phenomenon can be observed in Fig. 3. In this technique,
four carrier signals (Cl, C2, C3 and C4) are required to
generate the switching signals and C3 and C4 are shifted
their level the amount of Ds/2 in order to compensate the
average output voltage [16] when the Ds is applied.

s T

C4yDe2
Cl

2
34psn2

STI | | |

\ - T
812 | | .
ST3 : : :

I

ST4| . . |
STS | | |

T T .
sl LTI | |

T T I
ST7 ! ! !
st | : :
S51 D I 0 1 ﬂ\ ﬂ 1! D i 1.5-Ds2
[l I S s | s i S e i -

0 0.005 0.01 0.015 0.02
Time (s)

Fig. 3. Asymmetrical carrier-based PWM switching generation.

This paper proposes a new LS-PWM in phase disposition
with MCBC which improves to the previous one from the
point of view of balancing the power losses between
branches. The new modulation technique can be used for Z-
source or gZ-source 3 level topologies in single phase
applications. Both modulation techniques have been
compared and analysed as in simulation as experimentally.
Such comparisons demonstrate that by using the new
modulation technique, the proposed goal is achieved,
presenting a better distribution of the power losses between
branches and even between switches of each branch.

II. NEW BALANCED MODULATION TECHNIQUE

As it was exposed in previous chapter, the goal of
developing a new modulation technique is to improve the
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previous one by means of balancing the power losses
between branches. Those power losses are produced during
switching states (switching losses) and also during on states
(conduction states) in each electronic switch. Both losses
must be taken into account in order to distribute them among
branches of the converter. In this way different rates of the
converter are improved such as: Mean Time to Failures
(MTTF) and Mean Time between Failures (MTBF). As
consequence, the reliability and the useful life of the
converter will increase.

Figure 4 shows a simulated generation without and with
shoot-through switching states based on new modulation
technique. It has been used a modulation frequency index
(my) equal to 10 (for a better representation), shoot-through
duty cycle equal to 0.16 and the modulation index (m) is
0.84. Figure 5 illustrates the implementation sketch of the
proposed modulation technique.

Two modulating sinusoidal waves (M1 and M2, one per
branch) are compared with two level shifted triangular
carriers (C1 and C2) in phase disposition. The result of this
operation is obtaining the normal states of T1, T2, TS and
T6. T3, T4, T7 and T8 have the complementary states of the
others, respectively. It is easy to detect in Fig. 4 that
switching states of analogous switches are the same in both
branches so power losses will be also the same.

Y2
«|C1

2
= ADsi2

sT3
!

14 | | |

STs | !
T 1
!

5T6

il

517 | |
|
ST8 | 1 1
3 AN AL A
0 0.005 0.01 0.015 0.02
Time (s]

Fig. 4. Switching signals generation of the balanced modulation technique.
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MI (reference
branch A)

M2 (reference
branch B)

Ds/2

ol

Fig. 5. Sketch of the implementation of the modulation technique.

The generation of the shoot-through states (SSt) is done
by means of the comparison between Ds and one triangular
carrier (Cst) at twice frequency than C1 and C2. Operating
in this way, the symmetry of the output voltage is maintained
and also MCBC is achieved. At the same time it is required
to compensate the average output voltage (Vap) when the
shoot-through states are applied. It is done by shifting C1
and C2 quantities -Ds/2 and Ds/2 respectively.

III.  ANALYTICAL COMPARISON BETWEEN PWM
TECHNIQUES

In order to compare the previous and the proposed PWM
in a quantitatively way, a comprehensive simulation study
was performed in PSCAD.

First of all, the number of switching transitions (times) per
switch during one fundamental period (defined at 50 Hz)
were analysed in both PWM (Table II). These numbers or
parameters are related to the switching losses and it are
represented in Fig. 6(a) and Fig. 6(b) for each modulation
technique as a function of my respectively (Ds is equal to
0.16).

TABLE II. ANALYSIS OF NUMBER OF SWITCHING SIGNALS PER

SWITCH.
Previous - Switching
modulation Sv.vnchmg average gg?;?:: Standard
technique times at times per deviation of
100 kHz branch at per full
Propose;d and Ds to branch "
modulation 100 kHz converter
) 0.16 = (o)
hniq (T)
3325
T 3830
2658.5 769.6
™ 1992
1984
N 1992 1631
’ 1984 2907 1065.8
T4 3325 :
3830
5308
° 3830 3308 2309.4
6 1308 .
1984
1308 987.1
b 1984
2907 1065.8
T8 5308
3830

We can see as in Fig. 6 as well in Table II that in previous

modulation technique, branch B presents higher internal
unbalance between switching numbers (T5 and T8 switch 4
times more than T6 and T7). Branch B also presents more
switching numbers unbalance in comparison with branch A
than in proposed modulation technique (see o, in Table II).
It is due to branch B just deals with compensating Va, by
changing the voltage Vpo. The compensation of the Vap is
done by both branches of the converter in the proposed
PWM.

m=— Number u‘Fsu'ilching signals / frequency modulation index
1 T
= o

Fig. 6. Number of switching signals per switch/frequency modulation
index in one fundamental period. Unbalanced modulation technique (a).
Proposed modulation technique (b).

TABLE III. ANALYSIS OF Tox PER SWITCH.
Previmfs A Standard
ntw(:lulf;\twn Tzf:‘;g: deviation dStantl:lard .
echnique er eviation o
Proposed Ton (ms) hia"dl brl;nch full
modulation (Toni) | (& ) converter
technique TN
10.161
Tl
8.291
™ 13.039 1.6 1.66
14.9095
o 13.039 4.06
14.9095 116 182
T4 10.161 : :
8.291
6.4239
5 8.291
6 167763 11.6 5.97
14.9095 153
™ 16.7763 ’
14.9095
- 64239 11.6 3.82
8.291

B—= T, per transistor
T

T1

15

a) b)
Fig. 7. Ton per switch during one fundamental period: Unbalanced
modulation technique (a); Proposed modulation technique (b).
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Secondly, the duty cycle of each switch (Ton) was
calculated (Table III).

These values are related to the conduction losses and are
represented in Fig. 7. The same conclusions are produced in
the case of previous modulation technique. Branch B has a
high level of conduction unbalance between its switches (T6
and T7 conduct 2.6 times more than T5 and T8) and also a
different duty cycles with the analogous switch from branch
A. New proposed PWM provides the same To, of each
analogous pairs of switches between branches and less
unbalance within the branch.

We can conclude that by using the proposed modulation
technique, both branches are symmetrically balanced from
the point of view of switching and conduction losses. Also
this balanced situation is inherited by the clamped diodes
(D1, D2, D3 and D4) because their switches are the same
than T1, T4, TS and T8 respectively. Therefore, rates as
MTTF, MTBF and reliability of the converter are improved.

IV. EXPERIMENTAL VERIFICATIONS

In order to prove all theoretical assumption the
experimental —investigation were carried out. The
experimental prototype was deeply described in [17]. All
tests were performed under 1.2 kW output power. Switching
frequency was 100 kHz.

Figure 8 illustrates the gate-source switching signals of
the first and second modulation techniques.

Figure 8(a) and Fig. 8(b) demonstrate the first modulation
technique without and with shoot through correspondently. Tt
is evident that all transistors are working in a different way.
In all subfigures from up to down the switching signals of
transistors correspond to T1, T2, T5 and T6. Figure 8(c) and
Fig. 8(d) show the similar switching signals for second
modulation techniques. In this case the switching signals of
both branches are balanced.

Figure 9 shows the thermal pictures of the power board
where driver circuits along with transistors terminals are
located. Figure 8 demonstrates the gate resistors (Rg) of the
transistors T1, T5 under first (a) and second (b) modulation
strategies. Higher temperature of the gate resistors T5
confirms higher switching numbers of this transistor in the
first modulation.

In case of second modulation technique branches are
balanced from the point of view of switching signals and Top.

Figure 10 illustrates the temperatures of the transistors
chip that are located under the board on the radiators.

In the first case (Fig. 10(a)) difference between the
temperatures of the difference branches is presented. This
difference is mitigated under second modulation strategy
(Fig. 10(b)).

It should be mentioned about total converter efficiency
with different modulation strategies. This parameter was
measured with YOKOGAWA DL850 V equipment. In the
boost mode the efficiency was measured about 94,5 % for
the first approach and 95 % for the second one. In case of
buck operation the efficiency was around 97 % in both cases
(Fig. 11) [17]. It is possible to conclude that the whole
efficiency of the converter is practically the same (defined it
as (Pou/Pin) by using both PWM techniques but, the stress of
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each branch is totally different, as thermic analysis and
simulations have showed.

Tl

TS5

L Cremiee w7

(b)
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Fig. 8. Gate-source switching signals of the unbalanced (a, b) and

balanced (c, d) modulation techniques without (a, ¢) and with (b, d) shoot-
through generation.
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(b)

(b)

Fig. 10. Thermal picture of the chip transistors T1, T5 under first (a) and second (b) modulation strategy.
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Fig. 11. Experimental measurements about efficiency versus input voltage.

V. CONCLUSIONS

This paper presents a new modified carrier based single
phase modulation technique with maximum constant boost
control for three level Z or gZ-source inverter topology.

The main advantage of the new proposed technique
consists in equally distributed switching and conduction
losses among two branches. Since the total converter
efficiency remains approximately the same, the application
of the two control strategies could be defined by thermal
design of the converter.

Sometimes it is difficult to provide uniform heat sink for
all transistors. It means that unbalanced thermal resistors for
each transistor can be compensated by means of unbalanced
modulation technique. And vice versa, balanced modulation
technique is an appropriate control strategy for balanced
thermal design.
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Abstract

This paper proposes a novel voltage distortion approach for output filter design based on the voltage transfer function for both
off-grid and grid-connected Pulse Width Modulation (PWM) Inverters. The method explained in detail is compared to conventional
methods. A comparative analysis is performed on an example of L and LCL-filter design. Simulation and experimental results for
the off-grid and the grid-connected single phase inverter prove our theoretical predictions. It was found that conventional methods

define redundant values of the output filter elements. Assumptions and limitations of the proposed approach are also discussed.

Key words: Grid connection, Inverter, Output filter, Renewable sources control

I.  INTRODUCTION

Recent years have seen heightened attention to the
renewable energy. At the same time, the production cost of
green energy is still high because of the high price of energy
converters and other equipment. For instance, in the case of
fuel cell or photovoltaic array, a DC-AC converter is required
for the injection of renewable energy into the power
distribution grid [Fig. 1(a)].

Traditionally, passive magnetic components required for
boost capabilities and output filtering are very expensive and
bulky.

Output filter is a substantial component of pulse width
modulation (PWM) converters. Numerous papers cover the
output filter design [1]-[26]. L, LC, LCL and LLCL output
filters are commonly used in DC-AC converters.

L-filter is the simplest solution. Several design approaches
with examples are described in [1]-[4]. The main drawbacks of
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the L-filter are its large size inductor and low output voltage
quality in the open-loop control mode. Overall size can be
reduced using an LC or LCL-output filter.

LCfilter is also a traditional solution [Fig. 1 (b)]. But it is
mainly used in off-grid systems [5]-[9]. Moreover, any grid has
its own internal inductance L, [Fig. 1(a)], therefore an LC-filter
cannot be considered for use in a grid-connected system as it is.

As compared to the first order L-filter, the LCL-filter
[Fig. 1(c)] can satisfy the grid interconnection standards with a
significantly smaller size and cost, but it might be more
difficult to keep the system stable [10]-[24]. Another LLCL
[Fig. 1(d)] solution was proposed in [25], [26]. In contrast to
the LCL-filter, the LLCL-filter has nearly zero impedance at the
switching frequency and can strongly attenuate the harmonic
currents around the switching frequency. Here a precise value
of the switching frequency is required.

To avoid stability problems in high order filters in the
closed-loop control mode, damping methods are used. These
methods are classified as passive or active. In the first case,
generally, a resistor is added in series to the capacitor or in
parallel to the grid inductor. The active damping method is
based on the modification of the control system for resonance
mitigation [18]-[21].

© 2015 KIPE



Voltage Distortion Approach for Output Filter Design for ... 279

PCCl Lg
g
l* DC/AC i:” i

|
Interface |y, Output Vo”i
W Converter Filter |
| :
|

| Grid Side !

(a)
Li Li Lg L; L

A L. Lo
] | b
®) © @

Fig. 1. Grid connected renewable energy system (a), LC-filter (b),
LCL-ilter (c), LLCL-filter (d).

The aim of this work is to find an optimal size of the output
filter by means of a novel output voltage distortion approach
and to compare it with other design approaches. In this paper,
the output voltage distortion approach is proposed as a good
solution for grid-connected as well as for off-grid systems.

II.  CLASSICAL APPROACHES

This section presents existing output filter design approaches
and those described in the literature. In general, most of them
can be generalized as a current transfer function approach for
grid- connected systems.

A. L-filter Design

There are several criteria for L-filter selection. For instance,
the ripple criterion ensures that the error between the reference
current and the grid injected current by the converter is within a
margin.

Another criterion is based on the current ripple calculation
on the switching harmonic. Fig.2 shows a typical harmonic
spectrum of the DC-AC inverter. It is possible to define the
converter voltage harmonic at the switching frequency.
Assuming that the current ripple is contributed only by the
switching frequency, we can write:

I;, I
THD, ~ /% :%, )
1 1

where Igy is the grid RMS harmonic current at the switching
frequency, /; is the RMS value of the current fundamental
harmonic of the grid.

The current ripple passing from the converter side to the grid
side can be computed upon consideration that at high
frequencies, the converter is a harmonic generator, while the
grid can be considered as a short circuit [2], [10], [12]. It is
depicted in Fig. 3(a) and can be expressed as:

Lthyy) | - \
Vithgy ) ‘Wl hgy (L +Lg2)‘ '
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Fig. 2. Typical harmonic spectrum of the grid current.
PR ——

i .
| Converter Side | Output Filter

i Grid Side 1
i L L Iy Lo |
i | i i
i

| | | !

: Vi | Ve Q)

I | I !

I | | }

1 T

I i L !

(2)
| i T 1
Converter Side Output Filter Grid Side
Lo Ly I, | Le

(b)

Fig. 3. Equivalent grid-connected converter with (a) L and (b)
LCL output filter.

where hsw — the number of switching harmonic, w;, —

fundamental harmonic, and total filter inductance L,=L;+L,,.

From (2), the current ripple is defined:
1
Iy =1,(hgy, )=Vi(hg, ) ——. 3
SW g( sn) ,( sw) W, 'hsw ~L, 3)
To estimate the inductance value it is necessary to define the
harmonic component of the converter output voltage at the
switching frequency V(hgy). Resulting from Egs. (2) and (3)
and taking into account that the power factor is equal to 1:
Vr(hsw)‘Vg
" W, -hg, -P-THD,’

where P is the rated output power.

“4)

In case the voltage harmonic component at the switching
frequency is unknown, the current ripple can be estimated
directly from the calculation using the inverter voltage
waveform. Typically, such approach gives the same result,
since there is a proportional dependence between the two
magnitudes: ripple and content of harmonics [2], [3].
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B. LCL-Filter Design
In this case the ripple attenuation passing from the converter
side to the grid side can be computed on the basis of the
previous assumption that at high frequencies, the converter is a
harmonic generator, while the grid can be considered as a short
circuit [Fig. 3(b)]:
Llhg,)
Vithsy )
| )
Wy hgy L =Ly Ly -w gy -Cwy hgy L

Ga (hsw) =
,(5)

‘|
where we assume that L,=L,,+L,,. From (5) the current ripple
is defined:

Iy = Ig(hSW) =
| Vihsy) | ©
(Wi gy Lo =L Ly-wi by -Cp+w hg, - L

‘|

To estimate the inductance value from this equation, it is
necessary to define the harmonic component of the converter
voltage at the switching frequency V;(hgy). As a result, based
on Egs. (1) and (6) we obtain:
Vi(hsw)' Vg ‘GLCL(hSW)
T E—
The resonance frequency fzzs in this case is defined as:

P 1 Lg+L, <
w =D C ®

Resonance frequency fzs should be in a range between ten
times the line frequency f; and one half of the switching

THD, = ™

frequency fy in order not to create resonance problems. Based
on the aforementioned [10]-[12]:

]O'foszEsSf;W . ©)

We can determine L, as a function of L, using the index r for
the relation between the two inductances [11], [13].
L,=r-L. (10)
Assuming that frgs is determined, from Eq. (8) we can define
the inductor from the inverter side:
_l+r 1

7l+r~

;= ——= L, (11)
r 471'2-C,fR2ES r
where L is the weighted inductance value:
1
(12)

C4nCfs

The capacitor value C; is limited to decrease the capacitive
reactive power at a rated load to less than the predetermined
relative value A [26].

4-P
C, < s 13
I ng W, ( )
where P is the rated output power and 7, is the grid

fundamental RMS voltage. The relatively small value of the

reactive power is explained by additional losses in the system
that it evokes. On the one hand, the larger value we choose the
better filtering capability we obtain and on the other hand, the
larger is the current stress on the semiconductors and passive
elements.

Finally, from Eqs (7), (10) and (11) we obtain a relative
index r of a quadratic equation.

r(Lwihg, C, = L) = (Cwihg, Cp + L)+
. 14
+r(20wihg, C, —2L-M) =0. 9
P-THD,w, hg,

According to that approach, we can define the value of the
capacitor, the weighted inductor and the index r, which
provides a complete definition of the output filter.

It should be noted that the current ripple based approach is
changed when the grid side current ripple is predefined. Once
both the inverter side and the grid side current ripple are
predefined, we can calculate the ripple difference and estimate
the capacitor value. This approach is quite similar to the current
transfer function approach and often used [10]-[12].

Paper [11] shows an example of an LCL-filter design for an
active rectifier. The calculation of the converter side inductor is
followed by the grid side inductor calculation based on the
converter and grid current ripples respectively. The main
difference is in the calculation of the resonance frequency,
which cannot be predefined, but can be estimated after the
capacitor calculation.

III. NOVEL VOLTAGE DISTORTION APPROACH

The main idea of the approach above is in the grid injected
current in the nominal power point. At any moment of time the
shape of the injected current is defined by the voltage
difference between the inverter side and the grid side
[Fig. 4(a)]. In the case of an ideal grid with negligibly low
impedance, the voltage shape in point common coupling (PCC)
has ideal sinusoidal voltage.

In the case of the off-grid mode with a passive load, the
shape of the output voltage has fundamental harmonic and high
frequency ripple similar to the output current shape [Fig. 4(b)].

The result of the comparison of the approaches shows that
the difference in the voltage applied to inductors is in the high
frequency ripple. Assuming that high frequency ripple is
relatively small and the output voltage on the resistor has pure
sinusoidal shape, the current will be the same as in the case of
the grid-connected inverter and we can use the voltage
approach for the grid-connected system as well.

Resulting from the above considerations, we can represent
the grid side like equivalent inductance in series with a passive
resistor that corresponds to the nominal power [Fig. 4(c)].

Since the output filter can be represented as the voltage
transfer function in the case of predefined output voltage
quality, we can define the parameters of the output filter.
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Fig. 4. Voltage and current waveforms of the grid-connected
system. (a) Islanding mode system. (b) Equivalent grid-connected
converter. (c) Output filters at rated power.

Based on the above, the THDy, of the output voltage will be
equal or higher than the THD; of the grid injected current:
THD, >THD, . (15)
In conclusion, in order to satisfy power quality demands in the
full working range it is necessary to maintain 7HDy in the
preliminary specified range. The proposed approach differs
from that described above by the voltage transfer function. A
similar approach for the LC-filter calculation in the islanding
mode was used in [7] with other optimality criteria.

A. L-filter Design

Taking into account the total inductance L~=L+L,, the
transfer function of the L-filter can be presented as:

Ves) R

Vis) R, +s-L/
Regarding that the voltage distortion is defined only by the

switching frequency, we can write that

Var  Vew
THD,, ~ %: VS” , (17)
1 1

where Vg is the voltage harmonic component of the
converter at the switching frequency of the output voltage, V; is

K, (s)= (16)

the fundamental harmonic. It can be defined from the transfer
function at the switching frequency:

Viw =K (hgy )-Vithgy ), (18)
where Vs is the voltage harmonic component of the
converter at the switching frequency of the output voltage, V; is
the fundamental harmonic.

It can be defined from the transfer function at the switching
frequency:

1
KL(hSW):iLZ' (19)
RL
Resulting from Egs. (17) and (18), we can write:
THD,, > M 0)

4
It should also be mentioned that the transfer function at the
switching frequency depends on the equivalent load of the grid
R;. The maximum value K¢ corresponds to the maximum
value of R;.
Assuming V; =V, , we can define the inductance value from
Eqgs. (19) and (20):

R,V (hg, )-V? -THD;,
, > L SW g U i @n
V, -THDy -w, -hg,

where R, is the resistance that corresponds to the rated power.

B. LCL-filter Design
Neglecting the internal grid inductance L, and assuming
L,=L,,in Fig. 4 b, the transfer function of the LCL-filter can be
obtained:
K LCL ( hsw) =
1

. (22)

L . .
(Wi hgy L,C,)* + (whgy —% —wlh;, C, —= )
’ RL ’ RL

Similarly to the current transfer function design approach,

we can determine L, and L; as a function of the weighted

inductance L;, using the index r for the relation between the

two inductances. Finally, the relative index » of the

fourth-order equation can be derived taking into account Egs.
(17) and (18).

Ko (hgy )=

= ! NOX))

1 v (141)°0
(wihd, e ) frawin, (L
r R;

As in the previous case, the only way to restrict the capacitor
value is the injected reactive power defined by Eq. (13). Then,

solving Eq. (23) using any appropriate tool, we can find index r.
Next, from Egs. (12), (10) and (11), we can determine L, and
L.

Finally, we can see the main difference of the voltage
distortion approach in the last equation that defines the links
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between the predefined input parameters, the capacitor, the
resonance frequency and the index 7.

It should also be noted that both approaches require the same
set of the input parameters for output filter design. The only
feature of the voltage distortion approach consists in the
equivalent resistance R; that corresponds to the rated power. It
is obvious that if power is increasing, the quality of the output
current is improving and the size of the output filter can be
reduced. If power is not constant in the system, the output filter
must be designed for the worst case. This is applicable to any
renewable energy converter where the input power can vary in
a very wide range.

Generally, in any grid-connected system, active or reactive
power component injected to the grid does not influence the
filter design approach. If the reactive power component is
present, the full power must be considered and the equivalent
resistance R; will correspond to the full rated power. In the
grid-connected inverter, the reactive power is controlled by
means of phase shifting between the fundamental inverter
voltage and the grid voltage, the voltage harmonic at the
switching frequency will be the same.

In the case of the off-grid systems, only pure resistive load
was considered. In the case of the capacitive load or any other
impedance load, the reactive components must be considered
as part of the filter. As a result, the current and the voltage
transfer functions will be modified but the general idea of both
approaches will be the same.

IV. OPTIMAL RATIO BETWEEN GRID AND
CONVERTER INDUCTANCES OF LCL-FILTER

The relative index r in Eq. (23) has several solutions.
Relative solutions define the ratio between the grid side and the
converter side inductances.

Let us assume that the total inductance Ly, =L;+L, is
constant. From (10) and (11), we can express:

el L=l @4

As a result, voltage and current transfer functions for high
frequency ripples can be expressed as the function of » that has
extreme points. In general, dependences for both approaches
are represented in Fig. 5.

It can be seen that the function has minimum and maximum
values. Minimum value ),y corresponds to the maximum
attenuating factor of the high switching ripples. Mathematically
we can obtain two maximum values that correspond to one
resonance frequency. In order to find a certain quantity value of
index r, which corresponds to the optimal solution, extreme
points must be found:

d d
—G,(r)=0, —K,,(r)=0. (25)
dr dr

Typically, this equation has several solutions, but it can be
accepted only in a range 0<r</. It means that the converter

GL('UH -

0 0.25 0.5 0.75 1 o
r

Fig. 5. Voltage and current transfer functions versus inductance
ratio.

side has to be larger or equal to the grid side inductance. In the
opposite case, huge current spikes in the semiconductors will
be present.

V. COMPARATIVE EVALUATION OF THE
PROPOSED APPROACHES

To compare different approaches, the calculation of the
output filter for a case study system with different switching
frequencies was carried out. A grid-connected system with a
1 kW three-level (3L) inverter was chosen for simulation and
experimental verification. The converter voltage harmonic
component assumed at the switching frequency V;(hgy) in the
3L topology was about 0.45V, (Fig.2). It depends on the
modulation index and pertains to the worst case. The RMS
value of the grid voltage V, is 230 V.

The current transfer function approach versus the voltage
transfer approach is a subject of discussion in this section.

A. Classical Approach

According to the classical approach, the inductances for the
L-filter can be calculated using expression (4). For instance, for
the above mentioned parameters, THD; = 3% and switching
frequency of 25 kHz:

045-230°
77 2m-50-500-1000- 0.03

For the LCL-filter design, the capacitor value C,is limited by
the capacitive reactive power at a rated load. Assuming that the
capacitive reactive power is less than 2%, we can calculate
from Eq. (13):

=505mH . (26)

19%-P _1%-1000
"7 v2ow, T 23072250

<06uF. (27)

Once the capacitor is chosen, we can predefine the resonance
frequency of the LCL output filter. According to Eq. (9), the
resonance frequency must be in a range between ten times the
line frequency f; and one half of the switching frequency fgy.
At the same time, the resonance frequency must be tuned in
order to satisfy the 0<r<I condition.

For instance, assuming C, = (.47 uF, substituting Eq. (12),
which defines the weighted inductance value L in Eq. (14) and
solving Eq. (14) relative to the index 7, we can obtain a certain
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index r for any resonance frequency fzzs. If #>1 or there are no
real solutions at all, then the resonance frequency must be
changed in order to satisfy the 0<r<I condition. After several
iterations we obtain r=0.97 for frzs=10.2 kHz. It corresponds to
the maximum resonance frequency within the condition 0<r<I.

Finally, taking into account the weighted inductance value L
and Eqs. (11) and (10), we can define the values L, and L;:

1

L=—————=051mH, 28
477 -0.47-107° -102007 @8)
L, =209 o s1o1ima, 9)

0.97
L, =(1+0.97)-0.51=1.02 mH . (30)

Table I summarizes the results of the calculation. Similar
calculations were performed for other switching and resonance
frequencies.

B. Voltage Distortion Approach

An example of the L and LCL-filter calculation according to
the proposed approach is discussed below.

Taking into account the switching frequency 25 kHz, and
R, =53 Ohms that corresponds to the nominal load (I kW),
from Eq. (21) we obtain L,

. 537045 230° 230 .0,03°
/7 230-003-27-50-500

It is evident that according to this approach, the inductance
obtained was slightly smaller.

L =45TmH . (31)

Let’s consider the LCL-filter design according to the
proposed approach.

First step is to estimate the capacitor value C; is limited by
the capacitive reactive power at a rated load and will be the
same. Similarly to the classical approach, the next step is
substituting Eq. (12), which defines the weighted inductance
value L in Eq. (23) and solving Eq. (23) relative to the index r.
We can obtain a certain index » for any resonance frequency
Jres: If ¥>1 or there are no real solutions at all, then the
resonance frequency must be changed in order to satisfy the
0<r<I condition.

By means of the iteration process solving Eq. (23) to
estimate the maximum resonance frequency along with
minimum values of the inductors in order to satisfy the 0<r<I/
condition.

For instance, for the same parameters: P =1kW,
THD; =3% and the switching frequency 25 kHz, assuming
Cy=0.47 uF, we obtain r=0.76 for frps=12.5 kHz.

Finally, we can calculate the weighted inductance L from Eq.

(12) along with L, and L. from Egs. (10) and (11):
L= ! ~
477 -0.47-107° -12500%

=034mH, (32)

PELLLTLI VI R (33)
0.76
L,=076-0.8=0.61mH . (34)

TABLEI
CALCULATED PARAMETERS OF THE OUTPUT FILTERS FOR
1 KW GRID-CONNECTED INVERTER

Switching | © LCL
A h | F )
e rmlill!:lezn ' Ly, Li, | L. | Cp | faes
mH | mH | mH | uF kHz
11| 1.02 | 047 | 102
25 5.05
069068 | 1 | 86
036 | 0.35 | 047 | 174
Classical 50 2.52
0.25 | 0.24 1 14.5
013 | 0.12 | 047 | 295
100 1.26
009 [ 008 | 1 | 245
080 | 0.61 | 047 | 125
25 4.57
058023 | 1 | 125
Voltage 030 | 0.12 | 047 | 25
distortion 50 2.35
016 [ 005 | 1 | 25
0.08 | 0.03 | 0.47 50
100 118
004 [ 001 | 1 | 50

We obtain L, = 0.6 mH and L; = 0.8 mH. It is evident that
the values obtained are smaller. First of all it is explained that
the second approach can satisfy the 0<r</ condition with a
higher resonance frequency.

Increase of THDy; value leads decrease of the filter size. It
should be noted that according to the proposed approach the
output voltage distortion is counted. But assuming the
difference in the applied inductor voltage negligibly small, we
can use the obtained output filter parameters for the grid-
connected inverter. As a result of the comparison, we can
conclude that the presented values of the total inductance for
the discussed types of the filter calculated by the voltage
distortion approach are smaller. It is especially evident in the
case of the LCL-filter.

VI. SIMULATION AND EXPERIMENTAL
VERIFICATION

To compare the behavior of the inverter with the output filter
parameters obtained, a PSIM simulation model of 1kW 3L
grid-connected inverter was tested.

The THD, of the inverter output current is the main object of
the investigation.

Table I represents the component values of L and LCL-filters
calculated by different approaches with different switching
frequencies. All the approaches must provide the predefined
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Fig. 6. THD, versus output power. (a) L-filter with 25 kHz. (b) LCL-filter with 25 kHz. (c) L-filter with 100 kHz. (d) LCL-filter with 100 kHz.
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Fig. 7. Simulation results: (a) L-filter, 25 kHz, 160 W, L-filter, (b) 25 kHz, 800 W, LCL-filter, (c) 100 kHz, 160 W, (d) LCL-filter, 100 kHz,

800 W.

quality of the output current for nominal power. In order to
verify this statement, several simulation and experimental tests
were carried out. Fig. 6 shows the diagrams of dependences
THD; of the inverter output current versus the output power.
Fig. 6(a), 6(c) illustrate THD, behavior of the grid-connected
inverter with an L-filter. The upper figure corresponds to the
25 kHz, the lower to the /00 kHz switching frequency. The
filter parameters are shown in the figure and in Table I.

It is evident that a slightly lower value of inductance leads to
a slightly worse output current quality but still in the

predefined range.

Fig. 6(b), 6(d) illustrates 7HD, behavior of the LCL-filter.
The upper figure corresponds to 25 kHz, the lower to 100 kHz
of the switching frequency. The most interesting conclusion is
that in despite of the significant difference in the inductance
values, the difference in the output current quality is not so
evident. Some difference can be seen at the low power points
that are close to the idle mode. To distinguish current
waveform differences, several simulation and experimental
tests were performed. The simulation results are depicted in
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Fig. 8. Experimental results. (a) L-filter, 25 kHz, 160 W. (b) L-filter,

100 kHz, 800 W.

Fig. 7. The solid line corresponds to the voltage distortion
approach while the dotted line to the conventional approach.
Figs. 7(a), 7(b) illustrate the grid voltage and the output current
of the inverterwith L = 4.5 mH and 25 kHz switching frequency.
Fig. 7(a) pertains to /60 W output power, Fig. 7(b) to 800 W. It
can be concluded that the quality of the output current is close
to that theoretically expected. The deterioration of the THD,
with the output power decreasing is in good agreement with the
simulation results.

Similar diagrams are shown in Fig. 7(c) and 7(d) for the
LCL-filter: L;=0.54 mH, L,=0.2mH, C;=0.47uF and the
switching frequency /00 kHz.

Quality analysis confirms our theoretical expectations.
Despite the high current ripple in the converter side inductor
due to the presence of the capacitor, the output current has low
ripple. Fig. 7(c) as in the previous case pertains to /60 W
output power, Fig. 7(d) to 800 W. This filter was preliminarily
calculated by the voltage distortion approach for the 100 W
nominal power and can provide satisfactory output current
quality in a wide range.

Fig. 8 shows that the experimental results are similar to the
simulation results presented in Fig. 7 but in the off-grid mode
with an active load. Ignoring noise in the measured signals, we
can regard the waveforms in good agreement with the
simulation results. THD, calculated by an oscilloscope is
slightly less than that obtained in the simulation, because
according to the standard only 40 harmonics are counted.

VII. CONCLUSIONS

This paper presents a detailed output filter design of any
off-grid or grid-connected inverter by means of comparative
analyses of different design approaches. Several traditional
approaches were discussed. Current ripple along with the
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current transfer function approaches are used for the L and
LCL-filter design.

Among classical approaches, the voltage distortion approach
based on the voltage transfer function was proposed for
off-grid as well as for grid-connected inverters. Finally, the
bulky analytical expressions derived allow the lowest output
filter size for the L and LCL-filter to be obtained. The
and experimental results confirmed that
conventional methods define the redundant value of the output
filter elements. Such difference is connected with our
assumptions done during the analysis. In the case of the current
transfer function approach, the grid is considered like a short

simulation

circuit and as a result, full inverter side high switching voltage
is applied to the output filter. In fact, this is not the case here.
At the same time, by the voltage distortion approach we can
reach worse but closer to the predefined output current quality.
Bulky equations for the voltage distortion approach could be
easily implemented as custom software for practical engineers.

It should be mentioned that the smallest size of the output
LCL-filter has an opposite side like higher resonance frequency
that reduces the possible switching frequency range. Both the
stability issue during the tuning process of the closed-loop
control system and the type of the control system that strongly
depends on the operating mode of the converter should be
taken into account. Also, the internal grid inductance must be
negligibly low. In the opposite side, the grid voltage waveform
cannot be considered as ideal sinusoidal voltage that was
assumed in the proposed approach.
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Abstract: This study presents a novel three-level neutral-point-clamped quasi-Z-source inverter in the single-stage buck-boost
multilevel inverter family. The topology was derived by combining the properties of the quasi-Z-source network with those of
a three-level neutral point clamped inverter. It features such advantages as low voltage stress of the switches, single-stage
buck-boost power conversion, continuous input current, short-circuit withstandability and low total harmonic distortion of the
output voltage and current. The authors present a steady state analysis of the topology along with a special modulation
technique to distribute shoot-through states during the whole fundamental period. Component design guidelines for a single-
phase case study system are described. All the findings have been confirmed by simulations and experiments. The topology
could be recommended for applications requiring continuous input current, high input voltage gain and enhanced quality of

the output voltage.

1 Introduction

Three-level inverters have attracted increasing attention in
industrial applications, such as motor drives [1, 2], active
filters [3, 4] and renewable energy systems [5]. The major
advantage of multilevel inverters over the traditional
two-level voltage source inverters (VSIs) is the stepwise
output voltage [1-7]. The result is higher power quality,
better electromagnetic compatibility, lower switching losses
and absence of need for a transformer at the distribution
voltage level [7, 8].

The three-level neutral-point-clamped (3L NPC) inverter
has many advantages over the two-level VSI : twice lower
semi-conductor voltage stress, higher switching frequency
because of lower switching losses, decreased dv/d¢ and
better harmonic performance. However, the 3L NPC can
perform only the voltage buck function. It means that the
AC peak output voltage cannot exceed the DC-link voltage
and the DC-link voltage has to be higher than the AC peak
output voltage. The shoot-through problem, which could be
caused by misgating because of electromagnetic
interference, is an issue related to the reliability of a
converter. Thus, the dead time to block the cross
conduction of the upper and lower switches has to be
provided in the VSI, which causes the waveform distortion.

Voltage boost operation requires an additional DC/DC
boost converter in the input stage, which makes the overall
system more costly and harder to control. At the same time,
the Z-source inverter (ZSI) proposed in [9] overcomes the

IET Power Electron., 2015, Vol. 8, Iss. 1, pp. 1-10
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limitations and problems of the traditional VSIs. Such a
topology provides the boost function with the inherent
short-circuit immunity [10, 11]. The quasi-Z-source
inverters (qZSIs) proposed in [12-17] enable further
improvements of the traditional ZSIs. Besides the
advantages inherited from the ZSIs [18], the qZSIs have
such merits as reduced passive component ratings,
continuous input current and a common DC rail between
the source and the inverter. qZSIs suit very well for
renewable energy systems [19-23] because of excellent
performance and availability of all the requirements, in
particular for the photovoltaic (PV) systems. These inverters
are capable of performing maximum power point tracking
(MPPT) and inversion with no need for an extra DC/DC
converter. Furthermore, continuous input current makes
them especially suitable for fuel cell applications [16].

The single-stage buck-boost multilevel inverter was
proposed in 2006 as the logical extension of the two-level
ZSI1 [24]. In contrast to the traditional NPC inverter, the
inverter in Fig. la uses two isolated DC sources and two
separate Z-source networks for boosting its input voltage to
a higher DC-link voltage level. To decrease the number of
passive components, the Z-source NPC inverter with a
single impedance network was proposed in [2]. However,
this topology must also be fed from two DC sources. By
the introduction of the high-frequency transformer and two
additional capacitors (Fig. 1lc), the Z-source NPC inverter
with a single impedance network could be supplied from a
single DC source [25]. Moreover, by a transformer with the

1
© The Institution of Engineering and Technology 2015
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Fig. 1 3L NPC single-stage buck-boost inverters
a Z-source NPC inverter with two impedance networks and two DC sources
b Z-source NPC inverter with a single impedance network and two DC sources
¢ Z-source NPC inverter with a single impedance network and a single DC source
d New proposed quasi-Z-source NPC inverter
turns ratio different from 1:1, an input voltage gain higher in Fig. 1d is intended for applications that require continuous
than with the traditional Z-source network could be input current. The main idea is to combine two symmetrical
achieved. From the practical point of view, the topologies qZS networks. As a result, along with continuous input
shown in Figs. la—c have one common drawback — the current, it combines a wide input voltage operation range and
discontinuous input current during the boost conversion shoot-through immunity. The twice lower voltage stress on
mode could have negative influence on the input voltage the semi-conductors allows fast MOSFETSs to be used, which
source, especially in renewable energy applications. leads to high switching frequency and better power density.
This paper presents a novel three-level neutral-point-clamped Moreover, the power source can be single or separated by
quasi-Z-source inverter (3L NPC qZSI). The solution depicted means of a neutral point. A generalised comparison of the
Table 1 Generalised properties of the single-stage buck-boost multilevel inverter family
Z-source NPC inverter Z-source NPC inverter with  Z-source NPC inverter with Quasi-Z-source NPC
with two impedance a single impedance a single impedance inverter (Fig. 1d)
networks (Fig. 1a) network (Fig. 1b) network (Fig. 1¢)
continuous input NO NO NO YES
current in CCM
operation possibility NO NO YES YES
with a single DC
source
operation possibility YES YES NO YES
with multiple DC
sources
2 IET Power Electron., 2015, Vol. 8, Iss. 1, pp. 1-10
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properties of the single-stage buck-boost multilevel inverter
family members is presented in Table 1.

Section 2 describes in detail the operation principle with a
steady state analysis. Section 3 introduces a special single
phase modulation technique developed to distribute
shoot-through states during the whole fundamental period;
Section 4 presents guidelines for component design for a
single phase case study under continuous conduction mode
(CCM). Sections 5 and 6 describe the simulation and
experimental studies to validate theoretical predictions. The
main advantages of the new topology are emphasised and a
possible field of application is proposed in the Conclusions.

2 Operation principle of 3L NPC gZSI

This section explains the operation principle of the system of a
single-phase 3L NPC qZSI (Fig. 2) consisting of two
complementary transistor pairs for every leg and four
clamping diodes. Two identical qZS-networks have a common
node between the capacitors C, and Cj, forming the neutral
point of the topology. Typically, two kinds of modulation
strategies could be used for operating a 3L NPC gZSI: using a
switching frequency equal to the output frequency or using a
PWM strategy with a sinusoidal modulation signal and four
different high frequency carrier signals.

The output voltage of the inverter has five different levels:
0,+B:(Vin/2) and +B-Viy in the negative and positive
directions, where B is the boost factor of the inverter
defined as B=Vpc/Vin. The fundamental period of the
proposed 3L NPC gZSI in the CCM can be divided into
eight time intervals. Table 2 shows the switching states of
the transistors for each time interval. All the switching
states are separated into three modes: active state, zero state
and shoot-through state that can be applied within the zero
state. Active states are divided into six submodes. States 3
and 5 correspond to the level —B-(Vn/2), states 6 and 8 to
+B-(Vin/2).

To estimate the component values, we performed the
steady state analysis by means of voltage balance across the
inductors and current balance across the capacitors. It
means that the average voltage across the inductors and the
average current across the capacitors are equal to zero:

1 1(.
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Table 2 Switching states of transistors in 3L NPC qZSI
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The converter switching period in the CCM is expressed as
Az Is
?+?+?:DA+DZ+DS:1 (1)

where D, is the duty cycle of the active state, Dy is the duty
cycle of the zero state and Ds is the duty cycle of the
shoot-through state.

The sum of the capacitor voltages defines the peak value of
the DC-link voltage:

Voc=Ver +Va + Va3 + Ve 2)

where Vi, Vo, Vs, Vg are the average voltages across the
capacitors over one fundamental period.

Taking into account that the qZS network is symmetrical,
we obtain

Li=L,, L=1I 3)
C=C. G=¢ )
Correspondingly, the voltages are

Vi = Vi3, Vi = Via )
Ver=Vew Ver =Ves (©)

The capacitor voltages can be found from the voltage balance

Fig. 2 New proposed quasi-Z-source NPC inverter: single phase case study system
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across the inductors:

1
V= Fjvu(t)df

1 v Vi
(=)= (v 3)s)

v v
= <VC27%>DA7<VC1+%>DS=O (7

1
Vi, = TJ v, (H)dt

1
:?(VCl'tA_VCZ‘tS)
=Ve1 Dy =V -Dg=0 ®)

Taking into account the conditions presented above, we
obtain the voltages across the capacitors:

Dg -V
Ver ="Ves 22*347'%3 ©)
Vin - (1 =D,
Ver =Ves = 7‘; 7(4 - DSS) (10)

The final equation for the boost factor can be expressed as
follows:

g Voc_VatVotVat+Ve 1 an
Vin Vin 1=2-Dg

3 Special single phase modulation technique

Several modulation techniques could be applied in the 3L
NPC qZSI topology [2, 10, 24-29]. In the previous section,
the fundamental frequency modulation was considered to
explain the operation principle of the proposed topology. In
this section, we present a special pulse width modulation
(PWM) technique to distribute the shoot-through states
during the whole fundamental period.

Typically, the PWM technique uses a sinusoidal
modulation signal and four high frequency carrier
waveforms (Fig. 3a). As in all the modulation techniques,
the shoot-through states must be located within the zero
state (V,3=0) that maintains constant and normalised
average voltage during the switching period.

In the classical PWM technique (Fig. 3b) applied in the 3L
NPC qZSI, zero states are located in a fraction of the
fundamental period. Shoot-through states are placed during
the intervals #o—t,, t,—t; and #4—ts. This technique produces a
concentration of the shoot-through states that could result in
such problems as higher ripple of the input current and
possible capacitor voltage disbalance.

To eliminate or mitigate the effects produced by the
concentration of shoot-through states, a variation of the
typical PWM technique was proposed in [30] (Fig. 3c). Its
main objective is to distribute the shoot-through states over
the whole fundamental period of the inverter.

Two cases were considered to illustrate the operation of the
proposed modulation technique. With no shoot-through
generation (Ds=0), the operation is equal to the typical
PWM VSI operation where four triangular carriers and one
modulating wave are compared with obtain the states of the

4
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transistors. T, T» and Ts, Ts as well as T3, Ty and T, Ty
have the complementary states, respectively.

In the next case (Fig. 3c), the carrier signal level is
modified to include the shoot-through states. Carrier,
includes a constant value with the desired Dg and generates
the shoot-through states with the constant pulse width. As a
result, uniformly distributed generation of the shoot-through
states is achieved.

Equally distributed shoot-through generation partially
replaces the half DC-link voltage in the output inverter
voltage V3. To compensate this replacement of the average
voltage V,p, the second leg B (Ts, Ts, T7 and Tg) changes
the voltage Vpo. Fig. 3c illustrates this compensation
(solid lines). During the positive half-cycle, leg B produces
Vgo=—Vpc/2 more times, restoring the average voltage
Vys. This is achieved by means of the carriery
displacement, which generates the switching of 7. During
the negative half-cycle, a similar approach was applied. Leg
B produces Vpo=+Vpc/2 more times, restoring the average
voltage V5. This was achieved by means of the carrier;
displacement, which controls the switching of 7.

Figs. 3a—c show schematically the resulting switching
signals of transistors T3, 7>, T5 and T and shoot-through
states. The lower part of Fig. 3 illustrates the waveform of
the inverter output voltage without and with the
shoot-through using the conventional and the modified
modulation techniques and the frequency modulation index
equal to 10.

3.1 Boost regulation capability

The modulation technique proposed reaches the desired input
voltage boost by means of equally distributed shoot-through
states with a constant width. The qZS-network works at the
maximum switching frequency. It is illustrated in Fig. 3c.

Further, we have to take into account here that the
modulation index M has its upper limit:

M <1-Dg (12)

At the same time, the results of the steady state analysis are
applicable in this modulation technique. Finally, we can
obtain the expression for the RMS value of the sinusoidal
output voltage Voyr:

1 - D

1
M-B-Vy=—o S5 .
N V2 (1=2-Dy)

Vour = 7

To distinguish the DC-link boost factor and the output
voltage, we introduce the notation of the gain factor G:

Vo (13)

1 —Dg
V2-(1=2-Dy)

A 1
G="0_ BV =

Vn V2

Theoretically, a converter has endless input voltage regulation
capabilities. In practice, the maximum blocking voltage of the
semi-conductors limits the upper limit of the input voltage
and losses limit the lower voltages.

(14)

4 General design guidelines
4.1 Dimensioning of passive components

In a desired case, the currents through the inductors along
with the DC-link voltage must be constant. The voltages
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Fig. 3 Sketch of the special modulation technique

a Classical modulation technique
b Classical modulation technique with the shoot-through states
¢ Proposed modulation technique with the shoot-through states

across the capacitors must be calculated according to (9) and
(10). The average inductor current is equal to the input
current. The main problem lies in the low and high
switching frequency ripples. The DC-link voltage and the
input current have low frequency fluctuations (100 Hz)
evoked by the instantaneous value of the output power
(Fig. 4a). The high frequency ripples are mostly caused by
the high frequency generation of the shoot-through states
(Fig. 4b).

These fluctuations result in higher losses. Thus, special
attention should be paid to the dimensioning of passive
components. The abovementioned passive components will
lead to the transition from the CCM to the discontinuous

IET Power Electron., 2015, Vol. 8, Iss. 1, pp. 1-10
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0.02

0.015 0.02 0

conduction mode (DCM). The aim here is to define the
boundary between the CCM and the DCM operation in a
single phase system.

Several approaches can be used. From the theoretical point
of view, it is most appropriate to solve the difference
equations for the full cycle. This method can give direct
analytical expressions for the element calculation. At the
same time, from the practical standpoint, the method seems
useless because of the complexity of the final expressions.

In a simplified approach, high switching frequency is
neglected to estimate low frequency ripples. In this case,
the output current is represented as an ideal AC current
source equal to the fundamental harmonic of the DC-link

5
© The Institution of Engineering and Technology 2015



www.ietdl.org

) foc™

Fig. 4 Generalised operating waveforms

(a, b) Along with an equivalent scheme
(c) Proposed converter in the CCM

current (Fig. 4a).

1
inc~ = Ipc_max sin(477- T t— g)

2-4 P 1
:f_.ﬂ.sin g T 15)
37 Vour 772

where Poyr is the output power of the inverter.

Assuming that the CCM is achieved and the qZS-network
is symmetrical, we can represent the converter behaviour by a
simple equivalent circuit (Fig. 4c) for an AC component.
A similar approach was used in [31] except that low
frequency fluctuations in the inductors were not considered.
It is relevant if ‘XC} < |XL , where X¢ is the capacitor
reactance and X; is the inductive reactance. In a more
general case, in the conditions above, we can define the AC
component of the input current

Xey '
Xeo + X +R

24Py - T -sin(@m- (1/T) -t — (m/2))
3o VOUT\/1677"2 -C3-R2+(1672 - C, - Ly — T2)
(16)

. . 1 T
i1~ =Ipc Max s1n<4'n'~?' t— E) .

where R is the parasitic resistor of the inductor.

The average input current is obtained by means of power
balance where we assume that the output power Poyr is
approximately equal to the input power Piy:

Py =V Iin = Pour (17)

Taking into account power balance and (16), low frequency
input current ripple factor Ki; can be calculated as

K = %L = 7?“1; s
IN ouT
N 8(1—2-Dg) - T*
3 — Dyg) \/1677-2 -G} -R4(1672 - Cy - Ly — T2)?
(18)

The AC voltage component of the capacitors can be expressed

6
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similarly

X +R) - Xey
Xey + X +R

@4m-T-Ly,+R-T%
J16m - Ch R 4 (167 - C, L, — T2
(19)

Ver ™~ = lIpe~ -

= Ipc~ -

Low frequency voltage ripple factor K¢, for capacitors C,
and C, can be obtained from (9) and (19):

8Poyr-(1—Dg)-(47-T-L,+R-T?)
37 ViirDsy/ 167 - CL-R4-(1672-C; - L, ~ T2
(20)

Voltage ripple factor for capacitors C, and C; as well as the
current ripple factor for inductors L, and L4 can be derived
in a similar way. The final expressions are as follows:

i
Kips :%
N 8(1—2-Dg)-T?
T3l —Dg) V167 - Cr - B> + (167 - C, - L, — T

@

8- Poyp- (@4m-T-L+R-T%)
37 Vi /167 - G- R 4 (167 - G, - L — T2)
(22)

It is evident that we can calculate the values of the passive
components from (18), (20)—(22) taking into account the
predefined low frequency ripples of the voltage and the
current. Finally, we can conclude that the current and
voltage ripples strongly depend on the shoot-through duty

IET Power Electron., 2015, Vol. 8, Iss. 1, pp. 1-10
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Table 3 Voltage and current stress on the semi-conductors

Current stress
(average value), p.u.

Semi-conductor Voltage stress

(maximum value), p.u.

1 (1-Ds)

D e VZ-(1-Ds) V2-(1-2-Dy)
1

Ds .. Ds =09 0.25
1

T T 709 14

cycle and on the ohmic losses in the inductors of the
qZS-networks.

High frequency generation of the shoot-through states
causes high frequency ripples, as illustrated in Fig. 4b. In
the case of negligibly low current bias caused by low
frequency ripples (accepted for one switching cycle), we
can claim that high frequency ripples of the input current
can be estimated from the shoot-through duration:

Al = TS.DS@ i = P (Vi + Ve + Ve dt
= e 2L
0 0 |

Vin+Ver + Ve
—(InTPa T ) pop
< 2.1, s s

(23)
where Ty is the switching period.

We can express the high switching frequency current ripple
factor K, as

AT, Vaor- (1 =2-Dg)
KLH1:2 ;l ) ?UTD L PS Ts - Dg (24)
N (1 =Dg)- Ly - Poyr
and finally, we obtain
Vior-(1=2-D
- our * ( s) Ty - Dq ©5)

Ly >
"= 2.(1-Dg) - Kyypy - Pour

From the last equations we can estimate the minimum
inductance value to maintain high switching frequency
ripples in the input current that is a condition of the CCM

1=180 uH, C=1 mF, R=0.05 Ohm

Ds=0.25, C=1 mF, R=0.05 Ohm

www.ietdl.org

operation. The sum of low and high frequency input current
ripples should be smaller than the average input current /py.

4.2 Dimensioning of semi-conductors

Traditionally, the voltage and current stresses are the key
parameters for the dimensioning of semi-conductors.
Table 3 shows the voltage and current stresses of
semi-conductors in terms of relative units. It was assumed
that 1 p.u. current rating corresponds to the RMS value of
the output current and one p.u. voltage rating corresponds
to the RMS value of the output voltage.

It should be noted that all the values are represented
assuming  an  ideal  dynamic  performance  of
semi-conductors, which is to be considered in component
selection. It is evident that the voltage stress on all the
semi-conductors in the 3L NPC qZSI topology is twice
lower than in the traditional VSI. Reduced voltage stress on
the semi-conductors allows using high switching frequency
MOSFETs.

5 Simulation results

To verify the abovementioned analytical predictions,
simulations by help of PSIM were performed. Fig. 5
illustrates several tests validating (18)—(25). These equations
define dependences between high and low frequency ripple
factors against passive component values and the
shoot-through duty cycle. Fig. 5a illustrates the high and
low switching frequency ripple factor of the input current as
a function of the shoot-through duty cycle. All the other
parameters, including switching frequency 100 kHz, were
constant. We can see an exact match at the high frequency
ripple factor K, . It is obvious that the theoretical value of
the low frequency ripple factor K;;; is lower than in the
resulting simulation.

Fig. 5b shows the same input current ripple factor against
inductances in the system. It should be noted that L=L,=
Ly=L3;=Ls and C=C,=C,=C3=C4. As in the previous
case, the theoretical high switching frequency ripple factor
K matches accurately our simulation results. The
situation is more interesting with the low frequency input
current ripple factor K;;;. According to the theoretical
hypothesis, a resonance phenomenon was expected to
occur. Because of the parasitic resistor R, this effect is not
so well defined. From the point of view of the losses, the
value of the parasitic resistor R is negligibly low, but it is

Ds=0.25, C=1 mF, R=0.05 Ohm

0.6 T . 0.6
‘ 0.5

: 03 LS Lk, B s o
(il Kui(Theor, /
0.2} KealSim), £ 0.2 | JlThear) | el
Kini(Theor) - Kyns(Sim)
i 12 RS 0.1 K (Theor) = B oeeee
0 i 0
0 0.1 02 0.3 100 400

Ds L pH
a b

Fig. 5 Simulation investigation of low and high switching frequency input current ripple

a High and low input current ripple against the shoot-through duty cycle
b High and low input current ripple against inductance
¢ Low input current ripple against capacitance
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Table 4 System parameters used for simulation and

experiments

Control unit (FPGA) Cyclone Il
EP2C5T144C8

transistors driver chip ACPL-H312

transistors T, ... Tg SPW24N60C3

gZS and NPC diodes D, ... Dg 8ETHO6PBF

input DC voltage Vin 220-325V

output AC RMS voltage Vour 230V

output power 1kwW

capacitance value of the capacitors 1.2mF

Cyand Cy

capacitance value of the capacitors 0.94 mF

C, and C3

inductance value of the inductors 180 uH

Ly...Ly

inductance of the filter inductor Ly 2.2 mH

capacitance of the filter capacitor Cy 0.47 pF

switching frequency 100 kHz

very important for the attenuation coefficient of the
oscillation. The ripple factor of the simulated current is
higher. This difference is explained by the simplification of
the analysis. In case the capacitors are changing (Fig. 5c¢),
the resonance phenomenon is not evident.

It is well known that the attenuation coefficient of the
oscillation circuit is directly proportional to the resistance
and the capacitor, inversely proportional to the inductance.
It means that a relatively low value of inductance and a
high value of capacitance negate oscillations.

Similar results can be derived for the voltage ripple factor.
It can be concluded that this approach can be preliminarily
used for passive element calculation. It can help to select
optimal values of inductors and capacitors to be clarified
after the simulation with the parameters of real losses.

6 Experimental verification

To verify the proposed topology experimentally, a 1kW
laboratory prototype was assembled. The types and values
of the components used in the experimental prototype are
presented in Table 4. Taking into account the results above,

the final passive elements for the experimental verification
were chosen to provide the full CCM in the whole
operating range.

The control system is based on the FPGA board with
EP2C5T144C8 from Altera. FPGA makes it easier to
implement the shoot-through mode that is important for the
given topology. The ACPL-H312 chosen is a cheap high
frequency unidirectional driver. High switching frequency
MOSFETs with fast body diodes and hyper fast qZS diodes
allow the switching frequency to be raised up to 100 kHz,
which in turn reduces the size of the passive components.
The passive resistor was used as a load. The regulated DC
power supply was used as an input voltage source. All the
measurements were made by a digital oscilloscope
Tektronix DPO7254, current probes Tektronix TCP0030
and voltage probes Tektronix TPA-BNC.

Figs. 6a and b present the experimental results without and
with the shoot-through states at the output power of 800 W. It
can be seen that the input current is continuous at the
boundary between the CCM and the DCM. The voltage of
the capacitor C; is near zero. The capacitors C3, C4 have
identical voltage waveforms. It reveals that the capacitors
provide a stable DC-link voltage. In the first test point, the
input voltage was set to 325 V that corresponds to the VSI
mode where the shoot-through states are not required. It can
be seen that the output LC-filter is sufficient in order to
provide acceptable output voltage quality (lower than 5%).

Fig. 6b presents similar results with Dg=0.16. The main
idea is to maintain the constant output AC voltage during
variable DC input voltage. In the second test point, the
input voltage is decreased from 325 to 265 V. As can be
seen, the inverter operates in the CCM. The shoot-through
switching states equalise the asymmetrical switching of the
transistors. It provides a more stable behaviour of the
converter. The diagrams below show that the oscillating
processes in the qZS-network do not lead to unstable
DC-link voltage behaviour.

At the same time, Fig. 7 demonstrates the study of the
operation conditions of the semi-conductors. Figs. 7a and b
show the voltage and current waveforms of the transistor
Tl and T5 corresponding to the states without
shoot-through. It shows that the branches of the inverter

e i S | TIOI TR Vs 200 Vidiv
Ve 50V/div
i _,[\\I [/ ;’\l: IF | L |
\ f I MJ\M - f\'\f Vour 200 V/div
LR
[ Inaa/ely 5 ms/div| [™ v, 10v/div 5 me/div
Vin 60V/div il ]
Ve 50V/div ‘
T :
Ver 10V/div '\\ / \ /
IR Bnidly Smsfdiv | | Sms/div| | o 200 Vidiv "5 me/div

Fig. 6 Experimental results of the 3L NPC qZSI

a With shoot-through duty cycle
b Without shoot-through duty cycle
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Fig. 7 Voltage and current stress on the semiconductors

a Voltage and current stress on the qZS diodes
b T1 and T2 transistor voltage waveforms during the fundamental cycle
¢ T1 and T2 transistor voltage waveforms during the switching cycle
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Fig. 8 Summarised experimental study of the gain factor, the THD of the output voltage and the efficiency

a Comparison of the gain factors obtained analytically (dashed line) and experimentally (solid line) against the shoot-through duty cycle

b Efficiency against the shoot-through duty cycle
¢ THD of the output voltage against the shoot-through duty cycle

work are under unequal conditions and that should be taken
into account during the thermal design. Fig. 7c¢ illustrates
the operation difference with the shoot-through states for
the transistor T5. The shoot-through states equalise the
switching losses of the transistors. The presented figure
enables us to estimate the current stress relative to the
nominal current. At the same time, it is evident that the
DC-link voltage is equally distributed among the transistors,
which is very important in any multilevel topology. Further,
good dynamic characteristics of the transistors lead to the
absence of significant voltage spikes.

Fig. 8 summarises our experimental study of the gain
factor, the total harmonic distortion (THD) of the output
voltage and the efficiency. The experimental gain factor of
the inverter (Fig. 8a) is close to that mathematically
predicted which proves the quality of the obtained
mathematical expressions.

The measured efficiency of the experimental prototype was in
the range 90...94%. The maximum efficiency corresponds to the
VSI mode without the shoot-through states and the modulation
index equal to 1. Introduction of the shoot-through states
decreases the efficiency, as shown in Fig. 8b. Fig. 8¢ shows
the dependences of the THD of the output voltage against the
shoot-through duty cycle. It can be seen from Fig. 8c that
the presence of the shoot-through states slightly deteriorates
the quality of the output voltage. However, because of high
switching frequency, this influence is negligibly low.

It should be emphasised that the features of the
semi-conductors make this solution feasible. All the
semi-conductors in this topology operate in a hard
switching mode. Sufficiently high efficiency can be
achieved by advanced components, such as SiC Schottky
diodes and power switches with low gate charge and barrier
capacitance reverse diode.

IET Power Electron., 2015, Vol. 8, Iss. 1, pp. 1-10
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7 Conclusions

This paper has presented a new topology from the family of
single-stage buck-boost multilevel inverters — the three-level
neutral-point-clamped quasi-Z-source inverter (3L NPC
qZSI). The proposed 3L NPC qZSI combines such
advantages of the qZSI and 3L NPC VSI topologies as low
voltage stress of the switches, single-stage buck-boost
power conversion, continuous input current, shoot-through
withstandability and low output voltage and current THD.
Thanks to the blocking voltage of the main switches
reduced twice as compared with the two-level topology,
faster transistors could be implemented. It will result in
higher switching frequencies and, therefore a more compact
impedance source network and low pass output filter. All
these benefits could finally help to develop a compact,
lightweight and reliable improved performance inverter.

A special new carrier-based modulation technique for the
three-level topology with the distributed shoot-through
generation was used. The control method proposed has an
ability to balance the DC-link voltage. As a result, it
obtains the capability of combining the required boost
factor with the superior output voltage quality.

By a detailed steady-state analysis, new analytical
expressions for CCM and DCM conditions for the single
phase case study system were derived. The expressions
derived help to understand qualitative and quantitative
processes occurring in the qZS-networks of the three-level
inverter. The simulation and experimental results are close
to those mathematically predicted, which proves the quality
of the obtained mathematical expressions.

Finally, the design recommendations and component
selection guidelines were described. The properties of the
proposed 3L NPC qZSI make it a reasonably competitive
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topology for renewable energy applications. For example, in
the PV applications, the input voltage boost capability
compensates the influence of a partly shadowing effect,
irradiance and temperature changes. It provides realisation
of the MPPT algorithm without additional MPPT converters.
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This paper presents a three-phase three-level neutral-point-clamped quasi-Z-source inverter as a novel
solution for photovoltaic applications. The topology was derived by combining properties of the quasi-
Z-source networks with those of three-level neutral-point-clamped inverters. A case study system, a
steady state analysis and a novel special modulation technique for shoot-through states distribution
during the whole operation period are described. Component design guidelines for a three-phase system
are presented. All theoretical findings have been confirmed by simulation and experimental results. A
“full SiC” experimental prototype was developed. A comprehensive study of the converter’s efficiency is

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Shortage of energy resources is a current concern. At the same
time, renewable energy sources have become extremely popular.
Photovoltaics (PV), wind turbines and fuel cells are most popular
among renewable sources. By the end of 2013, the installed capac-
ity of wind and solar PV power generation reached 318 GW and
139 GW, correspondingly [1].

Each source has its pros and cons. A common feature lies in
their unstable operation that depends on many parameters. The
main target of the power electronics converters is to provide sta-
ble output voltage despite unstable input parameters at the highest
efficiency, cost and size optimization. As a result, many new types
of interface converters have been developed. In PV applications, the

Abbreviations: 3P 3L NPC Qzsi, three-phase three-level neutral-point-clamped
quasi-Z-source inverter; CCM, continuous conduction mode; LS-PWM, level shifted
PWM; MCBC, maximum constant boost control; MBC, maximum boost control; MPP,
maximum power point; MSVMBC, modified space vector modulation maximum
boost control; PV, photovoltaic; PWM, pulse width modulation; qZSI, quasi-Z-source
inverter; SBC, simple boost control; SVM, space vector modulation; THD, total har-
monic distortion; VSI, voltage source inverter; ZSI, Z-source inverter.

* Corresponding author at: Department of Electrical Engineering, Tallinn Univer-
sity of Technology, Ehitajate tee 5, 19086 Tallinn, Estonia. Tel.: +372 57868042.
E-mail address: oleksandr.husev@ieee.org (0. Husev).

http://dx.doi.org/10.1016/j.epsr.2015.08.018
0378-7796/© 2015 Elsevier B.V. All rights reserved.

main drawback in the present solutions lies in the narrow range of
the input voltage regulation, cost and size optimization. Different
solutions have been proposed [2-6].

Intermediate voltage boost dc—-dc converters are used to over-
come the narrow range of the input voltage regulation. At the
same time, topologically, this solution is more complex and harder
to control because of the two-stage power conversion. Another
solution is based on the intermediate impedance-source network,
classified as a single-stage energy conversion solution. Several
review papers have been published [7-9].

This paper proposes a novel solution based on the three-phase
three-level neutral-point-clamped quasi-Z-source inverter (3P 3L
NPC qZSI) illustrated in Fig. 1. The general concept of the single-
phase 3L NPC qZSl is described in [10] and experimentally verified
in [11]. The three-phase 3L NPC qZSI is intended for applications
that require a wide operation range of the input voltage along with
the continuous conduction mode (CCM) of the input current. It is
important to note that even though the system presented in Fig. 1
includes the PV panels ground capacitance [12] and the LCL filter is
directly connected to the dc bus central point since it attenuates the
high frequency components of the voltage across the PV parasitic
capacitance [13], problematics related to leakage current paths,
common-mode voltage and radiated electromagnetic emissions
are considered out of the scope of this paper. Once this topology
and modulation method would be validated, further works will
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Fig. 1. Proposed novel 3P 3L NPC qZSI.
(MPP) with maximum irradiation corresponds to the voltage source
3500 inverter (VSI) mode that requires no voltage boost feature (point 1).
Section 2 describes the proposed solution in detail. Section 3
- 2800 explains the new modulation technique developed for such appli-
= cations. Section 4 presents the results of simulation and experiment
E_ 2100 verification.
g 1400 s .
H 2. Description of the proposed solar inverter
700
The quasi-Z-source inverters (qZSIs) proposed in [23,24] were
0 intended to further improve the traditional Z-source inverters (ZSI).

Voltage (Vpv), V

Fig. 2. PV curve of the case study.

deal with this problematic and its possible solutions [14,15] in PV
inverter transformer-less applications.

1.1. Case study system description

A PV installation of 18 serial panels is a voltage source for the
converter topology. Fig. 2 shows the resulting input PV curve. It is
well known that solar panels provide limited voltage and current
that follows an exponential I-V curve.

Several models have been reported for solar panel simula-
tions [ 16-20]. A mathematical model based on the I-V exponential
curves and parameters provided in the manufacturer’s datasheet
is used to simulate the PV array. Its mathematical foundation is
detailed in [21]. Table 1 presents main specifications of a commer-
cial solar module (LDK 185D-24(s)) [22].

Several working points are marked in Fig. 2. Even low but equally
distributed solar irradiation does not require extremely high boost
(point 2). High boost capabilities are demanded in a partly shado-
wed mode where only some of the panels in the array have lower
irradiation (point 3). It can be seen that the maximum power point

Table 1

Main parameters from the panel datasheet [18].
Parameters Unit Value
Nominal output power (Pmax) w 185
Voltage at Pmax \% 36.9
Current at Prax A 5.02
Open circuit voltage (Vo) \% 45.1
Short circuit current (Is) A 5.48

Besides the advantages inherited from the ZSIs [23], the qZSIs
have reduced passive component ratings and continuous input cur-
rent. In contrast to the two-level VSI, the 3L NPC inverter has many
advantages, such as lower voltage stress across semiconductors,
lower required blocking voltage capability, decreased dv/dt, higher
switching frequency due to the lower switching losses, and better
harmonic performance [24,25]. In addition, several papers [26-28]
have reported that 3L topology has better elimination capability of
the common mode leakage current, and as a result, no additional
common mode filters are required.

2.1. Operation principle and steady state analysis of the proposed
topology

Each branch of the inverter has three output voltage levels:
0+ Vpc/2, where Vpc is the peak of the dc-link voltage. The oper-
ating period of the 3P 3L-NPC qZSI in the CCM may be divided into
several time intervals. Table 2 shows all possible switching states of
the transistors in the topology. Taking into account that the inverter
has three branches, each of which may have three states, altogether
27 states are possible. At the same time, in a traditional three-phase
system, states where all branches have positive or negative output
voltage values are excluded.

Finally, due to the qZS network, another shoot-through state is
added when all the transistors are conducting. During this state,
energy is accumulated in the inductors and is transferred to the
capacitors and output load within other states. As a result, the peak
dc-link voltage is regulated only by adjusting the shoot-through
duty cycle. This switching state is excluded for traditional VSIs
because it causes a short circuit of the dc-link capacitors.

Considering all the time intervals presented above, the behavior
of the qZS network can be represented by means of three equivalent
circuits shown in Fig. 3. Accordingly, all the switching states can be
separated into three main modes: zero state (Fig. 3a), active states
(Fig.3b)and shoot-through state (Fig. 3c) that can be applied within
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Table 2
Switching states of transistors in 3P 3L NPC qZSI.
Switching states Mode T T, Ts Ts Ts Te T, Ts Ty Tio Ti Tz
1 1 1 0 0 0 1 1 0 0 1 1 0
2 1 1 0 0 1 1 0 0 0 1 1 0
3 1 1 0 0 0 1 1 0 1 1 0 0
4 1 1 0 0 0 0 1 1 0 1 1 0
5 1 1 0 0 0 1 1 0 0 0 1 1
6 1 1 0 0 1 1 0 0 0 0 1 1
7 1 1 0 0 0 0 1 1 1 1 0 0
8 1 1 0 0 0 0 1 1 0 0 1 1
9 0 1 1 0 1 1 0 0 1 1 0 0
10 0 1 1 0 1 1 0 0 0 1 1 0
11 0 1 1 0 0 1 1 0 1 1 0 0
12 . 0 1 1 0 0 0 1 1 0 1 1 0
13 Active 0 1 1 0 0 1 1 0 0 0 1 1
14 0 1 1 0 1 1 0 0 0 0 1 1
15 0 1 1 0 0 0 1 1 1 1 0 0
16 0 1 1 0 0 0 1 1 0 0 1 1
17 0 0 1 1 0 1 1 0 0 1 1 0
18 0 0 1 1 1 1 0 0 0 1 1 0
19 0 0 1 1 0 1 1 0 1 1 0 0
20 0 0 1 1 0 0 1 1 0 1 1 0
21 0 0 1 1 0 1 1 0 0 0 1 1
22 0 0 1 1 1 1 0 0 0 0 1 1
23 0 0 1 1 0 0 1 1 1 1 0 0
24 0 0 1 1 1 1 0 0 1 1 0 0
25 Zero 0 1 1 0 0 1 1 0 0 1 1 0
26 Shoot-through 1 1 1 1 1 1 1 1 1 1 1 1

the zero state. However, such approach is valid for a three-phase
symmetric system.

To estimate values of the passive components and recommend
guidelines for semiconductor selection, the steady state analysis
was performed. In the analysis, the voltage balance across the
inductors and current balance across the capacitors were used. The
operating period of the converter in the CCM is represented as
A S oDy 4Dy 4Ds=1, 1)
where D, is the duty cycle of the active state, D7 is the duty cycle
of the zero state, and Ds is the duty cycle of the shoot-through
state. Tis a fundamental switching period. The sum of the capacitor
voltages defines the peak of the dc-link voltage:

Vpc = Ver + Ve + Ves + Ve, (2)

where V¢1, Vo, Vs, Vg are average voltages across the capaci-
tors over one period. Taking into account that the qZS network is
symmetric, it was assumed that Ly =Lz, L, =L4 and C; =Cy, C; =C5.
Accordingly, voltages are vy =v3, V2 =14, and V¢y = Veg Vg = Ves.

The voltage on the capacitors can be found from the voltage
balance of the inductors over one switching period. Taking into

iLz

account the conditions above, the voltages across the capacitors
can be obtained as:

. DsVin
Ver =V = 3-apg’ (3)
Vin(1 - Ds)
Vey = Vg = N — 57, (4)
(e} 3 2 — 4Dy
The final equation for the boost factor is obtained:
Biﬂivc1+V52+Vc3+Vc47 1 )
VN Vi ~1-2Ds’

Since the converter must operate both in the islanding mode and
in the grid connected mode, the output phase to the neutral point
voltage RMS value has to be maintained around Voyr =230V. In the
three-phase system, the phase to the neutral voltage is derived:

Vo _ Vin ) )
2V2 2v2(1 - 2)Ds
Since the modulation index M has to be in a range of M <1 —Dg

and the output voltage is constant, dependences between the input
voltage Viy and the shoot-through duty cycle Ds are

Vour =M

(1 = Ds)Vin
2v2(1-2)Ds’

(7

Vour =

Fig. 3. Equivalent circuits of the 3P 3L-NPC qZSI: zero state (a), active state (b), shoot-through state (c).
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Fig. 4. Sketch of the input current ripple and voltage ripple on the capacitors.
2.2. qZS-network estimation

In a real system, the operating waveforms of the 3P 3L-NPC
qZSI are distorted by the ripple, as shown in Fig. 4. At a symmet-
ric three-phase load, the input current has high frequency ripple,
which is connected with the high frequency shoot-through duty
cycle switching.

The rising speed depends on the inductor and capacitor voltages.
It means that the high frequency ripple of the current can be found
from the shoot-through interval:

TsDs TsDs

dipg ViN + Ver + Ves
/Tdt_ / (M
0

0

Alq

_ (V[N +Ver + Ve
- 2L
where Ts is the switching period. In order to maintain the CCM
operation of the converter, the input current ripple Al ; should
be smaller than the average input current I;y. The average input
current can be defined from the power balance:
PN =Vin,  Iin = Pour- (9)
At the CCM condition with the predefined current ripple, from
Egs. (3), (8) and (9), it can be written as:
Ali;  4V20UT(1 — 2Ds)
—_—=——————— >°T¢Dg, 10
"In ~ T (-Ds)Poyr (10
The minimum value of the inductance in order to guarantee a
ripple in the inductor current to maintain the CCM operation of the
proposed inverter can be defined as:
_ 4v20UT(1 - 2Dy)
~ (1 =Ds)KiPour

Capacitor voltage ripple can be defined in a similar way:
DsTs DsTs

1 (. 1 [,
AVer = AVes = & /1c(t)dt: o /1,_1(t)dt. (12)
0 0

) 75D, (8)

TsDs. (11)

Since the inductance current has linear character, expression
(12) can be simplified:

1
AVcp = AVey = c—lllNTng. (13)

The required value of the capacitance of C; to maintain the
desired voltage ripple factor K¢y can be obtained as:

AV TsPour(1 — Ds)?

Kcy = == > 14
= Ve T a0V ,(1- 2Ds) (14)
As a result, the capacitor can be calculated as:
TsPour(1 — Ds)?
CloCys 5 out( 5) (15)

T 4KcV3 (1 -2Ds)

Capacitor voltage ripple on the capacitors C, and C3 can be

defined in a similar way:
TsDs TsDs
AVe = AVes = [ it = 2= [ ip(0)dt. (16)
Cz Cz
0 0

Taking into account that inductors’ currents are equal, the
required value of the capacitance of C; and C3 to maintain the
desired voltage ripple factor K¢, can be obtained as:

_ IsPour(1 — Ds)Ds

Koy > 00— 575
4C,VE (1 - 2Ds)

(17)

Finally, capacitance values for capacitors Cy, C3 are defined as:

C=Cs> TsPour(1 — Ds)Ds

> (18)
4G V3 p(1 - 2Ds)

To demonstrate how the input voltage range influences the pas-
sive elements of the qZS network, from expressions (7), (11), (15),
and (18), it can be written as:

_ 2TsVourVin - 2v2Vour — Vin

> (19)
V2KiPour  4v2Vour - Vin
2TsPout 1
C=C> — 20
T2 = KaViN 4v2Vour — Vin (20)
Cy=Cs > TsPour  2v/2Vour — Vin 1)

V2ZKeVourVin -+ 4v2Vour — Vin

Fig. 5 illustrates the dc-link voltage and values of passive ele-
ments as functions of the input voltage.

All dependences are presented in the relative units where one
voltage unit corresponds to 2.,/2Voyr. Relative units of the passive
elements are defined as:

4TsV2
L=—>0U _1puyu. 22
KiPout P (22)
¢ JsPour _4 p.u (23)
KcaV

where K¢ =Kcq =Kc; is a voltage ripple factor on the capacitors. It
should be noted that in the buck mode, a converter works like a
traditional VSI and an impedance network is not involved in its
operation. Therefore, only the boost mode is considered in the fig-
ure. Solid lines show passive element values as a function of the
input voltage under constant input power. At the same time, dotted
lines illustrate similar dependences under constant input current
that correspond to the PV curve. This figure shows that the high-
est inductance corresponds to the lowest input voltage. The same
conclusion applies to the capacitors.

As aresult, passive component values necessary to provide pre-
defined voltage and current quality can be estimated.

2.3. Selection of semiconductors

Voltage stress is one of the key parameters for semiconductor
selection. Voltage stress on the transistors, as well as on the diodes,
is equal to half the dc-link voltage. As shown above and illustrated
in Fig. 5a, the dc-link voltage depends on the input voltage:

Ve = 4v2Vour — Vin. (24)

Similarly, voltage on the capacitors that defines the dc-link volt-
age can be derived:

Vi
Ver = Vea = V2Vour - 5 (25)

Vea = Vs = V2Vour. (26)
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Fig. 5. 3P 3L NPC qZS inverter: dc-link and capacitors voltage (a), inductance (b) and capacitances (c) versus input voltage.
Table 3

Applicability of modulation methods to multilevel topologies.

Topology NPC  Flying capacitor ~Cascaded H-bridge

Modulation method

Space vector modulation

Level shifted PWM

Phase shifted PWM

Hybrid modulation

Selective harmonic elimination
Space vector control

Nearest level control

oo+ | + o+
+oE |+ o+ o+
+oEFE o+ o+ o+

The main conclusion from the presented figure is that higher
dc-link voltages correspond to the smallest input voltage. Thus, in
order to provide the input voltage range from 300V up to 800V,
semiconductors must withstand the dc-link voltage in a range of
650-1000 V. It means that the maximum voltage stress on the tran-
sistors and on all the diodes is equal to 500V (half the dc-link
voltage) plus the switching spike. At the same time, it is evident
that the sum of the capacitor voltage V-, + V(3 is constant in the
boost mode and can be used like a controlled value in a closed loop
system. It should be mentioned that in the three-phase topology
without the neutral point dc-link voltage, capacitor voltage can be
reduced by means of third harmonic injections.

There are several appropriate semiconductor solutions. Clas-
sical IGBT with a 1200V blocking voltage can be used. The main
advantage of this solution is its reliability. The drawback lies in a
low switching frequency that forces use of larger passive elements.
Recently, MOSFETs based on SiC have appeared as a new family of
fast high-voltage switches. Derived from experimental investiga-
tions [6,11] of the dc-dc and dc-ac converters based on the qZS
network, it can be concluded that out of all solutions for the qZS

Table 4
List of parameters used for simulation and experimental setup.

diode, only Shottky diodes suit. Because of relatively high voltage,
SiC based Shottky diodes can be used.

3. Special shoot-through modulation technique
3.1. Review of existing strategies

Several modulation techniques or shoot-through control meth-
ods for the three-phase two-level Z-source inverters have been
reported [29-36]. These controls are mainly classified as: Sim-
ple boost control (SBC) [29], maximum boost control (MBC) [30],
maximum constant boost control (MCBC) [31], and modified
space vector modulation control (MSVMBC) [32]. Among other
techniques, they have been used to control converters in such appli-
cations as PV solar energy and fuel cells [33,34].

MCBC has been selected because of its advantages over other
control methods. Recent studies have focused on multilevel
inverter topologies, modulation and control methods [37-44]. As a
result, numerous modulation techniques have been proposed, each
one featured by its advantages and disadvantages depending on the
application.

A good comparison between different modulation methods is
presented in [39]. The authors divide the modulation methods for
a multilevel converter into two main groups: space vector based
methods and carrier based methods. Space vector modulation
(SVM) or multicarrier pulse width modulation (PWM) is recom-
mended for high frequency applications. In the first case, the refer-
ence voltage is represented as a reference vector to be tracked by
the power converter. All the discrete possible switching states are
matched as state vectors. Finally, the reference voltage is calculated
as a linear combination of these state vectors; an averaged output

Parameters Unit Value in each working point

1 2 3
Inductors Ly, Ly, L3 and Ly (mH) 0.9
Capacitors Cy, Cz, C3 and Cy (WF) 200
w (W/m?) 1000 500 1000
Panels in series (Ns) 18
Arrays in parallel (Np) Unit 1
Vpv V) 650 565 325
Ppv (W) 3333 1534 1666
Ln (mH) 05
Lo (mH) 0.2
G (WF) 0.47
m ~1 1 0.7
Third harmonic % 0 19 19
Ds 0 0 0.3
Switching frequency (with shoot-through states generation) (kHz) 100 kHz
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Fig. 7. Simulation waveforms for the first point in the VSI mode without the third
harmonic injection: output voltages (a), dc-link voltage (b), input current and input
voltage (c).

voltage is obtained equal to the reference in one switching period
[43]. In the second case, the reference voltage is compared with
multiple carriers to control each power switch. In this method, car-
riers can be arranged in phase shifted or level shifted dispositions.

v %‘ ve /\‘
\/zoow iv / ms) V/
(a)
Ve
200Vy/div ms/div
(b)
vz Ves 100V/div
Vc1,iVee
ms/div
(0
Vin 00V/dliv
i 8A/di sms/div
(d)

Fig. 8. Simulation waveforms for the second point in the VSI mode with the third
harmonic injection: output voltages (a), dc-link voltage (b), input current and input
voltage (c).

In addition, a table in [39] shows different levels of applicability
of each modulation method to the multilevel inverter topologies
reproduced in Table 3.

At the same time, several solutions based on the SVM control
were designed for 3L ZSIs [45-49]. Early developments in switching
signal generation for this inverter family are reported in [45]. To
enhance the boost factor, the injection of the third harmonic offset
[46] is also added to the reference signals. Further development of
SVM techniques was devoted to simplify implementation and to
improve the output voltage harmonic spectrum [48,49].

According to the aforementioned characteristics of each mod-
ulation method and their applicability to different topologies, a
carrier-based level shifted PWM (LS-PWM) in phase disposition
with MCBC as a novel solution for the 3P 3L NPC qZSI. This modu-
lation technique is detailed below.

3.2. New carrier-based PWM control strategy

Fig. 6 shows a sketch of the novel LS-PWM in phase disposi-
tion with MCBC for the 3P 3L NPC qZS inverter using a frequency
modulation index (mf) equal to 4.
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Fig. 9. Simulation waveforms for the third point with the third harmonic injection
and shoot-through states generation: output voltages (a), dc-link voltage (b), input
current and input voltage (c).

Three modulating waves (one per phase) and two triangular car-
riers (upper €[0,1] and lower €[—-1,0]) were compared to obtain
different normal states. Generation of the gate signals for tran-
sistors T; and T, is demonstrated in Fig. 6. It corresponds to the
reference signal Ref A. T3 and T4 have their complementary state,
respectively. The third harmonic injection is commonly used in
a three-phase inverter system to increase the modulation index
range M and in consequence, the system voltage gain range as well.
According to [30], the maximum M is equal to 2/,/3~1.15 when
1/6~0.19 of the third harmonic is injected.

Another carrier signal (¢[0,1]), but at double frequency, is used
to generate the shoot-through states (Sst) by means of comparison
with the constant value of Ds. Operating in this way, uniformly
distributed shoot-through states with the constant width during
the whole output voltage period are achieved. Due to the insertion
of the shoot-through states, the output average phase to neutral
voltages is modified, which is necessary to solve the problem. In
order to maintain the constant output average voltage, upper and
lower carriers are displaced Ds/2 to assure the reference value.

At the same time, the proposed modulation technique has dou-
ble switching frequency shoot-through generation, which allows
reducing passive components of the impedance networks.

Output filter
Contral

board

qis - b Measurement
board E P hoard
NPC
board
: .

Fig. 10. Photo of the experimental prototype of the 3P 3L NPC qZSI.

It means that the converter can operate at lower switching
frequency under the maximum power point and losses can be min-
imized. Voltage boost is not required in this point. At the voltage
boost, the power is reduced and shoot-through generation fre-
quency can be raised to shrink the passive elements of the qZS
network.

4. Simulation and experimental study of the 3P 3L NPC qZSI
4.1. Simulation study

In order to verify the proposed concepts, a comprehensive sim-
ulation study was performed in the PSCAD simulation tool. Table 4
shows all the parameters used in the simulation and experimental
studies. The LCL-filter was designed according to [50] in order to
provide an 8% lower THD of the output current (voltage). Switch-
ing frequency was 100 kHz in the shoot-through states generation
mode. At the same time, without shoot-through states generation,
switching frequency was twice reduced, which corresponds to the
proposed modulation technique.

Fig. 7 illustrates several simulation results for the first operating
point: Fig. 7a - the waveforms of the output voltages; Fig. 7b -
the dc-link voltage; Fig. 7c - voltages in the capacitors; Fig. 7d -
input current and input voltage. In the first working point, the input
voltage is equal to 650 V.

No voltage boost occurs, the third harmonic injection and shoot-
through generation are not activated. A solar inverter works in the
VSImode. As can be seen, no ripples are present in the input current
or the dc-link voltage because shoot-through switching states are
not activated. Voltage on the capacitors Cy, C4 is equal to zero.

Fig. 8 showsidentical simulation results for the second operating
point.

It can be seen that the input voltage is equal to 565 V. The third
harmonic injection is present while shoot-through states genera-
tion is unactivated.

Fig. 9 depicts the main waveforms obtained for the third work-
ing point.

Table 5

Specification of the experimental prototype.
Parameter/component Value/type
Output voltage (line to line) 400V
Input-voltage range 300-800V
Nominal power 3.5kW
THD <8%
Control unit Cyclon IV EP4CE22E22(C8
Transistors driver ACPL H342
Transistors SiC C2M0080120D
Diodes SiC C3D10065A

Current measurement
Voltage measurement

LEM LTS 15-NP
LEM_LV25-P
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Fig. 11. Experimental waveforms for the first point in the VSI mode without the
third harmonic injection: output voltages (a), dc-link voltage (b), input current and
input voltage (c).

In this point, maximum boost capability is required by the third
harmonic injection along with the shoot-through states to maintain
230V phase to neutral voltages. Input voltage is equal to 365 V. The
output voltage has very good quality. DC-link voltage has equally
distributed shoot-through states. As a result, despite the low input
voltage, the output voltage is equal to the nominal value.

4.2. Experimental study of the 3P 3L NPC qZSI

This section presents the experimental results of the topology
described above. Fig. 10 shows the experimental prototype, which

vez |
100 V/div 4 ms/div |
 — - ﬁ l--_—_—w
e ()
Vin
e
in : 2.5 A/div
N :
100 V/div 41 4 ms{div i
(d)

Fig. 12. Experimental waveforms for the second point in the VSI mode with the
third harmonic injection: output voltages (a), dc-link voltage (b), input current and
input voltage (c).

was finally assembled in a 3U box. It consists of four main PCB
boards with external gZS inductors and output filters.

Our experimental study was conducted to confirm the simula-
tion results and investigate the overall efficiency of the converter.
Several operation points were tested in full accordance with the
simulation results. Parameters of the passive components and
case study points are listed in Table 4. Advanced specification of
the experimental prototype is presented in Table 5. All measure-
ments were made by a digital oscilloscope Tektronix MDO4034B-3,
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Fig. 13. Experimental waveforms for the third point with the third harmonic injec-
tion and shoot-through states generation: output voltages (a), dc-link voltage (b),
input current and input voltage (c).

current probes Tektronix TCP0150, and voltage probes Tektronix
TPA-BNC.

Fig. 11 shows several oscilloscope waveforms for the first oper-
ation point. The order of the measured parameters is in full
correspondence with the simulation results depicted in Fig. 7.
The voltage on the capacitors C3 and C4 is not shown since it
coincidences with the voltage on the capacitors C; and C, corre-
spondingly. It can be seen that no ripples are present in the input
current or the dc-link voltage because shoot-through switching
states are unactivated.

Ver

Viz

100 V/div

—

4 ms/div

sy W7 ThY
LY L nE—

50 V/div

— s —

4 ms/div |
= =T

4 ms/div

(d)

Fig. 14. Oscilloscope waveforms of the experimental prototype under light load
operation: the output phase to the neutral voltage (a), voltage on the capacitors (b),
input current and the input voltage (c), voltage stress on the semiconductors (d).

At the same time, Fig. 12 illustrates the experimental results for
the second operation point. The results obtained are very similar to
the simulation results shown in Fig. 8.

Finally, Fig. 13 shows our experimental results for the third oper-
ation point. Obviously, these are close to the simulation results
in Fig. 9. In summary, it could be concluded that our experiment
confirms the theoretical and simulation analyses.

Table 6 summarizes the comparison of the results obtained. It
can be seen that our experimental results are in good agreement
with the theoretical results. At the same time, some differences in
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Table 6

Comparative analysis of theoretical (theor), simulation (sim) and experimental (exp) results.
Parameter Unit 1 2 3

Theor Sim Exp Theor Sim Exp Theor Sim Exp

Average input current Iy (A) 5.12 5.1 5 271 2.7 2.7 5.12 5.1 5
Input current ripple Ay (A) 0 0 0 0 0 0.96 1 0.9
Average voltage on the capacitors Cy, C4 V) 0 0 0 0 0 122 122 122
Voltage ripple AVc; on the capacitors Cy, C4 V) 0 0 0 0 0 0.08 0.08 0.1
Average voltage on the capacitors Cy, C3 V) 325 325 324 282.5 283 284 284 283
Voltage ripple AV, on the capacitors Cy, C3 V) 0 0 0 0 0 0.08 0.08 0.1

the absolute values of the input current capacitor ripples relate to
variations in the real passive elements. Further, it should be noted
that simulation and experimental waveforms have some minor low
frequency ripples, which can be explained by the resonance nature
of any impedance network, especially with the high-Q circuit.

Fig. 14 shows additional experimental results under light load
operation. Input power was about 450 W at the input voltage of
325V. This operation is very similar to the third operation point
that corresponds to the partial shadowing. In this case, low solar
irradiation along with partial shadowing occur. Specifically, Fig. 14a
shows oscilloscope waveforms of the output three-phase voltage.
It can be seen that the quality of the output voltage is worse than in
the previous case. The reason is that output filter was designed for
the nominal power and cannot provide the same quality under light
load operation. At the same time, it should be underlined that out-
put voltage disturbances belong to the high switching harmonics.
50kHz and higher switching harmonics are out of the measuring
range by standards. Voltage on the capacitors (Fig. 14b) remains
unchanged and is similar to Fig. 13c. Fig. 14c shows the input cur-
rent and the input voltage. The average value of the input current
is about 1.4 A at the high frequency ripple of about 0.9 A. It should
be noted that input current still has CCM.

Voltage stress on the semiconductors is illustrated in Fig. 14d. It
is evident that no significant spikes occur on the transistors, which
confirms good dynamic behavior of the SiC semiconductors. Excel-
lent dynamic performance of the chosen SiC semiconductors leads
to a very small voltage switching spike, which enhances the reli-
ability of the converter.

4.3. Study of power losses

Fig. 15 illustrates the estimated efficiency of the described
inverter. The study was conducted by using the method of

summation of losses and the support of a thermal camera (Fluke
Ti10), as well as the measurement equipment listed in Section
4.2. Fig. 15a shows the thermal picture of the NPC board. Fig. 15b
shows the qZS network board. Despite the maximum power, the
temperature of the heat sink does not exceed 40 °C. Therefore, no
external fans are required. Further, as it was expected, qZS diodes
are the main source of losses, but the temperature of the semi-
conductor junction is quite low. Fig. 15c and d illustrates the final
efficiency diagram based on the power dissipation in the power
semiconductors and magnetic components, which was experimen-
tally estimated. Fig. 15c shows the dependence of the efficiency
versus the input voltage and the input power. It should be noted
that this surface belongs to the constant irradiation level when the
input voltage and power depend on the partial shadowing effect.

Fig. 15d shows the losses distribution for the expected MPP with
a maximum efficiency (3.3 kW and 650V input voltage). Losses in
different semiconductor components were estimated by means of
temperature measurement of heat sinks and the thermal resis-
tances of thermofilm and heat sink from datasheet parameters.
The magnetic losses calculation was obtained by means of subtrac-
tion from the overall efficiency the semiconductor losses. In this
point, the converter works in the VSI mode with Ds=0 and it can
achieve an efficiency of 98.5%. In the worst case, the total efficiency
was about 96.7%. The decrease in the efficiency is connected with
the shoot-through states generation, which increases the switching
losses in the transistors. In conclusion, transistor losses are about
28% of the total losses. At the same time, only two qZS diodes lead
to 37% of the total losses, as shown in Fig. 15d.

Fig. 16 shows the comparison of the efficiency curves both with
maximum input current and light load operation. Input current as
well as output voltage were constant at each point butinput voltage
changed. In the first case (dotted line), input current is about 5 A,
which corresponds to the maximum level. In the second case (solid

= 25 Diodes 37%

= Clamp Diodes 8%

“ Transistors 28%

= Magnetic Components 27%

Losses Estimation

(d)

Fig. 15. Thermal pictures for the first operating point (a, b) and efficiency versus input voltage and input power (c), distribution of the losses for a maximum power point (d).
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Fig. 16. Dependence of the efficiency on the input voltage with different input
current levels.

line), input current is about 1.4 A, which corresponds to the light
load operation.

It can be seen that in the second case, the efficiency was slightly
worse, especially at the low input voltage level, with an efficiency of
about 95.5%. At the same time, in the nominal input voltage point,
the efficiency is almost equal, which corresponds to the MPP and
is even slightly higher at the maximum voltage level. The results
obtained agree with the expectation, since for any type of a con-
verter, light load operation is often a problem from the efficiency
point of view.

5. Conclusions

This paper proposes the 3P 3L NPZ qZSI as a novel solution for PV
applications. The converter combines advantages of the qZSI and 3L
NPCVSI topologies. Low voltage stress on the switches, single-stage
buck-boost power conversion, continuous input current, short-
circuit immunity, and reduced output voltage and current THD
are the main benefits. Thanks to the modern SiC semiconductors,
high switching frequency is achievable. Therefore, a more compact
impedance source network and low pass output filter are used.
All these benefits could finally help to develop a more compact,
lightweight and reliable inverter with improved performance.

A special new carrier-based modulation technique for the three-
phase 3L topology with double frequency and uniformly distributed
shoot-through generation was developed. The simulation and
experimental results proved all theoretical expectations. Finally,
efficiency measurement confirmed an outstanding performance of
the inverter. In the nominal operation point, an efficiency higher
than 98% and in the shoot-through generation mode, not lower
than 95.5% was achieved.
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Abstract — This paper presents a CCM analysis of a new
modification of a three-level single phase neutral-point-clamped
inverter. The proposed topology combines advantages of the
three-level neutral-point-clamped full-bridge inverter with those
of the quasi-Z-source inverter. The three-level neutral-point-
clamped quasi-Z-source inverter is especially suitable for
renewable energy sources. The steady-state analysis of a three-
level neutral-point-clamped quasi-Z-source inverter in the case of
the continuous conduction mode is presented. The conditions of
the continuous conduction mode are obtained and analyzed.

Keywords — Three-level neutral-point-clamped
continues conduction mode, quasi-Z-source inverter.

inverter,

I. INTRODUCTION

A three-level neutral-point-clamped (3L-NPC) inverter
(Fig. la) has a number of advantages over the two-level
voltage source inverter, such as lower semiconductor voltage
stress, lower required blocking voltage capability, decreased
dv/dt, better harmonic performance, soft switching
possibilities without additional components, higher switching
frequency due to lower switching losses, and balanced neutral-
point voltage. As a drawback, in contrast to the two-level
voltage source inverter, it has two additional clamping diodes
per phase-leg and more controlled semiconductor switches per
phase-leg. The 3L-NPC can normally perform only the voltage
buck operation. In order to ensure voltage boost operation an
additional DC/DC boost converter should be used in the input
stage [1-2].

To obtain buck and boost performance the focus is on a
quasi-Z-source inverter (qZSI, Fig. 15). The qZSI was first
introduced in [3]. The qZSI can boost the input voltage by
introducing a special shoot-through switching state, which is
the simultaneous conduction (cross conduction) of both

Uiv

switches of the same phase leg of the inverter [3-11]. This
switching state is forbidden for traditional voltage source
inverters because it causes a short circuit of the DC-link
capacitors. Thus, the gZSI has excellent immunity against the
cross conduction of the top and bottom-side inverter switches.
The possibility of using shoot-through eliminates the need for
dead-times without having the risk of damaging the inverter
circuit.

Recently, a new modification of the qZSI was proposed: a
three-level neutral point clamped quasi-Z-source inverter (3L-
NPC gZSI). This topology combines advantages of the three-
level neutral-point-clamped full-bridge inverter with those of
the quasi-Z-source inverter having the buck-boost capability
of the input voltage and the enhanced output voltage quality
[12,13].

Thanks to its specific properties the 3L-NPC qZSI is
especially suitable as power conditioner for the renewable
energy systems, where the continuous conduction mode
operation (CCM) is a very important issue. During the CCM
the input current never drops to zero, thus featuring the
reduced stress of the input voltage source, which is especially
topical in such demanding applications as power conditioners
for fuel cells and solar panels. The opposite case, the
discontinuous conduction mode (DCM) in the converter
evokes additional losses in the system and increases the
operating range of the components. It is particularly relevant
in single phase inverters where consumption of instantaneous
power is variable, leading to variable input current. As a
result, the CCM condition is not easily achievable and has not
been observed in similar converter topologies [6, 7].

This paper presents the steady-state analysis of a single
phase 3L-NPC qZSI in the case of the CCM and discusses
some design guidelines in order to maintain the CCM
operation.

a) b)

c)

Fig. 1. Topologies of the 3L-NPC (a), qZSI (b) and 3L-NPC qZSL

978-1-4673-1972-0/12/$31.00 ©2012 IEEE
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II. GENERAL DESCRIPTION AND STEADY-STATE ANALYSIS OF
3L-NPC QZSI

Fig. 1c illustrates the proposed topology of a 3L-NPC qZSI.
Each leg of the 3L-NPC qZSI consists of two complementary
switching pairs and four anti-parallel diodes. Advantages of
this topology over the traditional two-level voltage source
inverter are: continuous input current, use of shoot-through,
lower switching losses, and balanced neutral-point voltage.

Shoot-through states are equally distributed over the
operating period of the inverter. The inverter output voltage
has three different levels: 0, B-(U,y/2) and B-U,y in the

positive and negative directions, where B is the inverter boost
factor. The shoot-through vector is generated separately.
Finally, the shoot-though vector is mixed with other control
signals.

In general, the operating period of the 3L-NPC gZSI in the
continuous conduction mode (CCM) may be divided into 8
time intervals, as shown in Fig. 2. Transistor states for each
time interval are depicted in Fig. 3. As it can be seen, all the
switching states can be separated into three main modes: zero
state (Fig 3a), active states (Fig 3c-h) and shoot-through state
(Fig 3b). On the other hand, active states are separated on the
three submodes.

An equivalent scheme for zero-state intervals is shown in
Fig. 3a. Equations that describe the behavior of the converter
in this mode are as follows:

dl dl
Uy —L =2 -Ucy ~Ups - L; =2 =0, (1)
dt dt
Ua+ L322, @
dl
L +Ucy =0, 3
" ca 3)
—1uZp =0, 4)
Iy =153, )

©6)

dU dU
C;=8S 4y, -0 = =0, (7

dr dt
e ey, ®
Uovr =1zxZ; . ©)

An equivalent scheme for the shoot-through intervals is
shown in Fig. 3b. Equations that describe the behavior in this
mode are as follows:

i}, dl
Un L Uy + Uy — L =0, 10
w—h— a+Uci—Ls— (10)
Uer—1, 412 o, (1

Ucs—Ly d;? =0, (12)

I =153, (13)

In+G dztc‘ =0, (14)

G dUcs +1,4=0. 15)

The first equivalent scheme for the active state is shown in
Fig. 3c. It corresponds to the case when the output voltage is
equal to half of the DC-link voltage. The middle point is
clamped through the load to the high side of the DC-link.
Equations (16) to (25) describe the behavior in this mode:

dl dl
Uy-L—E-Ue,~Uss-Ly—2=0,  (16)
dt dt
dl;,
Ug +L,—==0, 17
a+la— (17)
L4y, =0, (1)
dt
dl
Ucz—Lz dl;z_UOUTz(), (19)

to-tytz-tsts -ty tg - to tr -tz t7 - tg
a) b)

to -t

tio -t tir -tz
9) h)
Fig. 2. Transistor states for each time interval.
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to-tytz-t3ts -t ta -ty t1 -t t7 -tg
a) b)

tz -ty to -t
c) e)

ty - ts tio -tz

Fig. 3. Equivalent schemes of main operating modes.

ILl = 1L3> (20)
I +GC dUCl—[Lz—Cz dUC2=O, (21)
L-a%a_r, 20, @
e T =0, @)
t

o, Wer_¢dWe,y _o, (4

dt
UUUT = IZLZL . (25)

The second equivalent scheme for the active state is shown
in Fig. 3d. It corresponds to the case when the output voltage
is equal to half of the DC-link voltage and the middle point is
clamped through the load to the low side of the DC-link.
Equations (26) to (35) describe the behavior in this mode:

dl, dis

Un—-L——=-U¢y—Upz—L3—==0, 26
IN 1 dt C2 Cc3 3 dt ( )

dil;,
Ue + L -0, 27
C1 2 dt ( )
12t 4y, =0, 28)

dt
Ues—Ugur ~Le 20, (29)
dt

Iy :1L37 (30)
o a_p,_c, ey G
Ip-1u+c Y 20, 32
R AT N

dU, dU,
G, dt“—cz dtC3—1ZL:o, (34)
Uour =12y . (35)

The third equivalent scheme for the active state is shown in
Fig. 3e. It corresponds to the case when the output voltage is
equal to the DC-link voltage. Equations (36) to (45) describe
the behavior of the converter in this mode:

=0, (36)

dl;,
U+ L =0, 37
atbh— (37)
Li=+Ucy =0, (38)
dIIZ d114
Urs+Ucy —Ly—=-Upyr — L —=0, (39
aatlUc-L—) ovr ~La— (39)
I =13, (40)
dU -
In+C—5S~1,-C,—2=0, (41
t dt
Iy —I4+Cy—2=0, (42)
t
dU,
C,—C 4, -C, = =0, (43)
dt t
dU,
I15=C—S =1, =0, (44)
dt
Uour =1zZ; . (45)

To simplify the analysis it was assumed that the input
capacitors and inductors are identical, thus:

Ly =L, Ly=1L,, (46)
G=C, GC=G. (47)

The operating period of the converter in the CCM could be
represented as
t t
%+%:DN+DS:1. (48)
where Dy is the duty cycle of the non-shoot-through and Dy is
the shoot-through duty cycle.

In the steady state the average voltage of the inductor over
one switching period is zero and the voltages across the
capacitors are constant. Thus, by Eqgs. (1) to (45), the voltages
across the capacitors can be found:

Ds -Upn

U~y =Upqy = S 49
a=Yes=370p, (49)
Un - (Ds =1)
Ucy =Ucs = (50)
4.Dg—2

The peak DC-link voltage is the sum of all the capacitor
voltages:
U

Upe =Uct +Ucy +Ucs +Ugy =—2—
DC Cl1 Cc2 c3 Cc4 1—2‘DS

(51

Taking into account the maximum possible value of the
modulation index M=1-Ds, the boost factor of the 3L-NPC
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qZSI can be estimated as

Uour max
Umw

_Upc-(1=Ds) _ 1-Ds
U 1-2-Dg’

B= (52)

where Upur aax is an amplitude value of the output voltage.

III. CCM CONDITION AND SOME DESIGN GUIDELINES FOR
THE 3L-NPC QZSI

In an ideal case, the DC-link voltage and the input current
of the 3L-NPC qZSI are constant. The main problem lies in
the floating instantaneous consuming power that evokes
current fluctuations in the corresponding capacitors. A
simplified equivalent scheme of the qZS network is shown in
Fig. 4a. The capacitors and inductors are represented as ideal
voltage and current sources, correspondingly. The idealized
operating waveforms of the 3L-NPC qZSI are shown in
Fig. 4b.

In a real system the operating waveforms are distorted by
the ripple as shown in Fig. 4c. As it can be seen, the DC-link
voltage has low frequency fluctuation (100 Hz) caused by
instantaneous output power. As a result, it causes low
frequency input current fluctuations. Also, it should be noticed
that the input current has high frequency ripple. It is connected
with the high frequency shoot-through duty cycle switching.

In order to eliminate low frequency fluctuations in the
system it is necessary to maintain constant voltages across the
capacitors despite the AC component present in the DC-link
current.

Capacitor voltage ripple can be expressed as

1 74
AU =AU = jic(t)dt=
1
! (53)
T - Pour

1 p 2
=fj'70‘” csin(2- 2 ydr = L Lour
U T 22-C, Upe

Ci 3 Unc

The required value of the capacitance of C; to maintain the
desired voltage ripple factor K¢ can be obtained using Eqgs.
(49), (52) and (53):

AU T- Poyr -(1-Ds)?
ke =4Ya _ OUTZ( s) (54)
Uc 27m-C-Ubur max - Ds
where K is the voltage ripple factor.
As a result, the capacitor can be calculated:
2
C > T - Poyr - (1= Dyg) (55)

27w Ke *Udur wax - Ds

Capacitance values for capacitors C,, C; could be defined
similarly:

T-Poyr - (1-Dyg)

Cy2 3 .
27 K¢ - Ugur max-

(56)

A decrease in speed is defined by the equivalent schemes
and it depends on the load resistance R. The rising speed
depends on the inductor and capacitor voltages. It means that
high frequency ripple of the current can be found from the
shoot-through interval.

From Eq. (10) we obtain:

T-Ds

dI
ATy = L1

di= J‘ (U1N+U01+Uc4)dt:
(57
Un+Ua +Uc4

= -Ts-Dyg,

(A AT T D
where Tg is the switching period. In order to maintain the
CCM operation of the converter the input current ripple A/,
should be smaller than the average input current /,. The

average input current can be defined from the power balance:

where T is the period of the sinusoidal output voltage. Py=Un-1,=Four- (58)
Upy Unc
] Uour i | Uour '
Ly = Tnc 1 i | i
—o—lg = | Pour ' ! Pour : i
C ] 1 !
I o /\ :/\ :
e 0 o 5 :
Ca |
@ P ! N
; 1 / N 1
6 © T < l / A 3 \\. '
l X1 7 X |
ol T ;o L N
i lbe i l
- 5 /\ Hisg /\ !
A = Rl i ]
i S ONLE A
H )
T ;
a)

b)

Fig. 4. Equivalent scheme and diagrams in the CCM.
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Taking into account the CCM condition:

2 - .
KL:A[“ _Uour max-(1=2 DS)TS'DS’ (59)
I, 2:(1-Dg) L-Poy

and from Egs. (49), (53) and (54) we can express:

S Uz()UTiMAX -(1-2-Dyg)
2-(1-Ds) K - Poyr

Ts-Ds. (60)

It means that we can define the minimum value of the
inductance in order to maintain the CCM operation of the
proposed inverter.

IV. SIMULATION RESULTS

In order to verify theoretical background several
simulations have been carried out. The first results cover the
case with the output power of about 1 kW. Fig. 5 shows the
obtained simulation results, listed from top to bottom: input
current and input voltage (Fig.5a), voltage across the
capacitors (Fig. 5b), and output voltage before and after the
filter (Fig. 5¢). It is seen that inverter operates in the CCM and
capacitor voltage ripple is about 10%. The capacitance value
selected for C;...C, was 2.5 mF and inductance value set for
L;...L;was 0.25 mH.

Next, the simulation was done for the light load and full
power operating points. Fig. 6 shows the input current and
capacitor voltage for 100 W and 5 kW (Figs. 6a and b,
correspondingly). The main conclusion is that the CCM is
unachievable with low output power.

It can be concluded that the capacitor value in a real system
has to be larger than analytically predicted by (55) that is
connected with power losses in the real system. Fig. 7 shows
the dependences of the capacitor value that is necessary in
order to obtain a voltage ripple lower than 10%. There are
three cases presented: first is the theoretical prediction
assuming ideal components and other two belong to the cases
with winding resistances of the inductors of 0.01 Q and
0.25 Q, respectively. The main conclusion is that the
capacitance value of the capacitors has to be increased with
the losses due to the voltage drop in the DC-link and the
requirement to keep the amplitude of the output voltage
constant.
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Fig. 7. Dependences of capacitance value C; on Poyrand Dy,
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Fig. 8. Experimental results for 200 W output power.

V.EXPERIMENTAL VERIFICATION

To verify the above presented assumptions a 500 W
experimental setup was assembled. System parameters and
component values used in the experiment are presented in
Table I.

TABLE I. SYSTEM PARAMETERS AND COMPONENT VALUES USED FOR THE

EXPERIMENT
Input DC voltage Uy 130V
Output AC voltage Upur 110 V (RMS)

Capacitance value of the capacitors C;, Cy 1160 uF
Capacitance value of the capacitors C;, C; 920 uF
Inductance value of the inductors L; ... L, 160 uH
Inductance of the filter inductor L, 4.4 mH
Capacitance of the filter capacitor Cy 240 uF
Switching frequency 50 kHz

The control system is based on the FPGA board with
EP2C5T144C8 from Altera. The ACPL-H312 drivers were
chosen for a MOSFET transistor drive. Fig. 8 presents the
experimental results. The input voltage was 130 V and
output RMS voltage was 110 V. Carrier frequency was set
to 50 kHz.

Fig. 8a shows the input current and voltage waveforms.
It can be seen that the input current is on the border
between the CCM and DCM. The voltages across the
capacitors of the ZS network are shown in Fig 8b. As it can
be seen, the capacitor voltages have a ripple of about 30%.
The output voltage waveforms before and after the LC-filter
are shown in Fig. 8c.

VI. CONCLUSIONS

The proposed single phase 3L-NPC qZSI is a
combination of the quasi-Z-source inverter and the three-
level NPC inverter. The 3L-NPC qZSI derives advantages
from both topologies: it can buck and boost the input
voltage; it has excellent short circuit immunity, due to the
multilevel topology the higher power density is achievable.

In order to reduce the low frequency fluctuations of the
DC-link voltage in a 3L-NPC qZSI large values of the
capacitors are required. At the same time it is practically
impossible to eliminate low frequency input current ripple
completely, especially during the light load operating point.
Such an effect will disappear in a symmetrically loaded
three-phase system, because it is connected with the
consumption of floating instantaneous power in a single-
phase system. At the same time high frequency input
current ripple is defined by the inductance value and
switching frequency. Since the MOSFET transistors can be
used in such topologies the switching frequency can be high

and as a result, the value of the inductance can be
significantly decreased.
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Single Phase Three-Level Quasi-Z-Source Inverter
With a New Boost Modulation Technique
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Dept. of Industrial Electronics
Chernihiv State Technological

University
Chernihiv, Ukraine
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Abstract— This paper describes a new modulation technique for a
single phase three-level neutral-point-clamped qZS inverter. The
proposed converter is intended for applications that require input
voltage gain and high quality of the output voltage. The
simulation and experimental results are presented and discussed.

L. INTRODUCTION

A three-level neutral-point-clamped (3L-NPC) inverter

has many advantages, such as lower semiconductor
voltage stress, lower required blocking voltage capability,
decreased dv/dt, better harmonic performance, soft switching
possibilities without additional components, higher switching
frequency due to lower switching losses, and balanced neutral-
point voltage, in contrast to the two-level voltage source
inverter. However, as a drawback, it has two additional
clamping diodes per phase-leg and more controlled
semiconductor switches per phase-leg than the two-level
voltage source inverter. The 3L-NPC can normally perform
only the voltage buck operation. In order to ensure voltage
boost operation an additional DC/DC boost converter should
be used in the input stage [1-2].

To obtain buck and boost performance the focus is on a
quasi-Z-source inverter (qZSI). The qZSI was first introduced
in [3]. The qZSI can buck and boost DC-link voltage in a
single stage without additional switches.

The qZSI can boost the input voltage by introducing a
special shoot-through switching state, which is the
simultaneous conduction (cross conduction) of both switches
of the same phase leg of the inverter. This switching state is
forbidden for traditional voltage source inverters because it
causes a short circuit of the DC-link capacitors. Thus, the qZSI
has excellent immunity against the cross conduction of top and
bottom-side inverter switches. The possibility of using shoot-
through eliminates the need for dead-times without having the
risk of damaging the inverter circuit. The input voltage is
regulated only by adjusting the shoot-through duty cycle. In
addition, the qZSI has a continuous mode input current (input
current never drops to zero), which makes it especially suitable
for renewable energy sources (e.g. fuel cells, solar energy,
wind energy etc.). The main drawback of the qZSI is its poor
performance in the case of small loads and relatively low
switching frequency. In these conditions the qZSI starts to
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work in a discontinuous conduction mode, which causes an
over-boost effect and leads to instabilities [3-7].

A three-level neutral-point-clamped quasi-Z-source inverter
(3L-NPC gZS]I,) proposed recently is a new modification of
the qZSI. The new converter combines the advantages of the
two topologies described above.

Fig. 1 illustrates the proposed topology of a 3L-NPC qZSI.
Each leg of the 3L-NPC qZSI consists of two complementary
switching pairs and four anti-parallel diodes. As an advantage,
this topology can have continuous input current, the possibility
to use shoot-through, lower switching losses and balanced
neutral-point voltage in comparison with the traditional two-
level voltage source inverter.

The inverter output voltage has three different levels: 0,
B-(U;y/2) and B-U, in the positive and negative
directions, where B is the inverter boost factor. The shoot-
through vector is generated separately during zero states.
Finally, the shoot-though vector is mixed together with other
control signals.

As a result, such topology is suitable for photovoltaic
applications because the boost capability and the shoot-
through duty cycle allow compensating the influence of the
irradiance and temperature changes on the input voltage.

At the same time the shoot-through switching state demands
new approaches in the modulation technique in order to

combine the boost factor with the best possible voltage quality.
C

Fig. 1. Three-level neutral-point-clamped quasi-Z-source inverter (3L-NPC
qZSI).
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This paper is an attempt to improve the voltage quality of
the 3L-NPC gZSI by a new modulation technique.

1. NEW MODULATION TECHNIQUE

There are several pulse width modulation (PWM) techniques
that could be applied for the 3L-NPC qZSI [4], [11]-[14].The
core idea of these methods is presented in Fig. 2. All of them
generate the shoot-through states when the output voltage is in
the zero state (Usp = 0) in order to maintain constant and
unaltered normalized average voltage per switching period
whereas the shoot-through states are carefully and centrally
added to the active states that enable the number of higher
harmonics to be kept to a minimum.

'y

n/4 n/2 3n/4 n 5n/4  3n/2 /4 2n

- -
T

Fig. 2. Output voltage waveform of the traditional shoot-through PWM for the
3L-NPC qZSI.

Using these PWM techniques for the 3L-NPC qZSI, the U,
has only two zero states per period and shoot-through states
can only be placed during these two intervals ([0, 7/4] and [=,
Sn/4]).

These techniques present some problems, such as a larger
size of the passive elements, more input current ripple and
capacitor voltage disbalance.

A. Description of General Principles

Fig. 3a shows a sketch of the proposed modulation
technique.

One modulating sinusoidal wave and four triangular carriers
are compared to obtain the different states of 7, 75, Ts and Ty
and 75, T, T, and Ty have the complementary state of the
other, respectively.

I

(@ (b)

Fig. 3. Sketch of the proposed modulation technique with uniformly distributed shoot-through states and constant width.

Carrier; is used to generate the shoot-through states in
comparison with a constant value that includes the desired D
value. Operating in this way, uniformly distributed shoot-
through states with the constant width during the whole output
voltage period can be achieved.

In order to compensate the average voltage U,; when the
shoot-through states are applied, leg B must compensate this
situation through the change of the voltage Ug,. Fig. 35 shows
how we can obtain this compensation.

During the positive semi-cycle, leg B has to produce Ug,= -
U,/2 more times to restore the average voltage U,p. This is
produced through carrier, displacement that generates the
pulses of 7y. During the negative semi-cycle the same situation
is produced. Leg B has to produce Uy = +U,/2 more times to
restore the average voltage U,z This is produced through
carriers displacement that controls the pulses of 7.

The resulting waveform of the output voltage before the
output filter is shown schematically in Fig. 3c.

B. Boost Regulation Capability

In the proposed modulation technique the desired boost is
reached because the shoot-through states are distributed with a
constant width during the whole output voltage period and the
qZ stage is working at the maximum frequency. Furthermore,
by this technique we can use the ratio between the modulation
index (M) and the maximum shoot-through duty cycle Dy iy
(1) and the ratio between B and D; (2):

Dy yuy S1=-M . Q)]
pUsc_ 1 o
Uy 1-2-Dg

As a result, taking into account (1) the maximum value of
the output voltage we obtain
M —1 .
(1-2-Dg)
Using the maximum possible value of the modulation index,
the amplitude of the output voltage can be estimated as
1- Dy
(1-2-Dg)’

(3)

Unax our =Upy -

“

Uppax ovr =Upy -

Output Voltage (p.u)

0.048

0.052 0.056 0.06

Time (s)

(©
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I11. SIMULATION AND EXPERIMENTAL VERIFICATION OF
THE PROPOSED MODULATION TECHNIQUE

To verify the proposed modulation technique a small power
scaled experimental board was assembled. Preliminary
verification was done by help of a simulation model assembled
in the SimPowerSystems of Matlab/Simulink.

A. System Parameters

The values of the parameters of the qZS network and the
output filter are presented in Table I.

TABLEI. SYSTEM PARAMETERS USED FOR SIMULATIONS AND EXPERIMENTS

Control Unit (FPGA) Cyclone II
EP2C5T144C8
Driver Chip ACPL-H312

Input DC voltage Uy 130 V

Output AC voltage Uory 130-160 V
Capacitance value of the capacitors C;, C, 240 uF
Capacitance value of the capacitors C», Cs 1180 uF
Inductance value of the inductors L, ... L, 160 uH
Inductance of the filter inductor Z, 44 mH
Capacitance of the filter capacitor Cy 240 uF
Switching frequency 25 kHz

The control system is based on the FPGA board with
EP2C5T144C8 from Altera. The ACPL-H312 drivers were
chosen for a MOSFET transistor drive.

B. Simulation Results

Our first simulation results were obtained from a case
without a shoot-through station. Fig. 4 presents the results of
the simulation. The simulation waveforms correspond to the
operating point with 130 V input DC voltage and 130 V output
AC voltage. Carrier frequency was set up to 25 kHz.

Fig. 4a shows the input current and voltage waveforms. It
can be seen that the input current has a discontinuous
behavior.
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Fig. 4. Simulation results of NPC qZSI without shoot-through states.
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The voltages across the capacitors of the ZS network are
shown in Fig 4c. The DC-link is shown in Fig 4b. As it can be
seen, capacitor voltages are not stable enough in order to
provide a constant level of the DC-link voltage.

Voltage and current across transistor T1 are shown in Fig.
4d. At the same time the voltage and current across transistor
TS5 are shown in Fig. 4e. It is shown that despite the fact that
transistors are on top of the different legs they are not equally
loaded. This relates the modulation technique. According to
the proposed algorithm, leg A is in response for output voltage
sign and leg B is in response for sinusoidal waveform of
output voltage. The output voltage waveforms before and after
the LC-filter are shown in Fig. 4f. The THD of the output
voltage is about 5.5%. It is evident that in this case the quality
of the output voltage is not sufficient. It is because of the
disbalance of the DC-link voltage caused by the uneven
distribution of power consumption in the load. The moment of
time with the maximum value of the output voltage
corresponds to the maximum power consumption. As a result,
the input current and capacitor voltage have significant
fluctuations.

One of the ways to improve the quality of the output voltage
is to increase passive element values. It is a regressive way.
The other approach is to embed a shoot-through station that is
equally distributed during the full duty cycle. This modulation
technique was developed specially for our study purposes.

Our second simulation results were obtained from a case
with a shoot-through station. Fig. 5 represents the similar
results of the simulation that correspond to the operating point
with 130 V input voltage and 160 V output AC voltage. The
shoot-through duty cycle D,=0.16 has the same carrier
frequency. It is evident that the input current is closer to a
continuous mode. It should be noted that the amplitude of the
current has slightly decreased. As it can be seen, capacitor
voltages are more stable as compared to the previous case. As
a result, the THD of the output voltage has improved up to
1.5%.
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Fig. 5. Simulation results of NPC qZSI with the shoot-through duty cycle D=0.16.

In the further investigation, focus was on the simulation
study of dependences between the shoot-through duty cycle
versus the output voltage quality (THD) and the boost
capability (B), shown in Fig. 6.
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Fig. 6. Simulation results of the shoot-through duty cycle D, versus THD and
the boost capability 5.
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From Fig. 6 it is evident that there are some optimal
operation points with the highest output voltage quality and
the maximum boost factor. The highest output voltage quality
was achieved with Dy equal to 0.05 and the maximum boost
factor was obtained with Dg equal to 0.35. Also, from Fig. 6 it
is evident that the behavior of the boost factor is similar to the
theoretically estimated value Eq. (4), especially in the domain
with a low shoot-through duty cycle value. Differences in the
quantities are connected to the losses in the components and
the discontinuous current mode that is a common tendency
with the qZS family converters.

C. Experimental Results

To verify the proposed modulation technique and the results
of the simulation a small power laboratory prototype was
assembled.
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Fig. 7. Experimental results of the NPC qZSI without shoot-through states.
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Experimental investigations were carried out according to
the simulation. Fig. 7 presents the results of the experiment
without a shoot-through station. The input current and voltage
waveforms are shown in Fig. 7a. It is seen that the input
current has significant ripple and a discontinuous behavior.

The voltages across the capacitors C/ and C2 of the ZS
network are shown in Fig 7c. The capacitors C3 and C4 have
similar voltage diagrams. The DC-link is shown in Fig 75. As
it can be seen, capacitor voltages are not stable enough to
provide a constant level of the DC-link voltage. The voltage
on the capacitor C/ is dropping up to below zero.

Voltage and current across transistor T1 are shown in Fig.
7d. At the same time, the voltage and current across transistor
TS5 are shown in Fig. 7e. It is proved that despite the fact that
transistors are on top of the different legs they are not equally
loaded.

The output voltage waveforms before and after the LC-filter
are shown in Fig. 7f. The THD of the output voltage is about
14%. It is evident that in this case the quality of the output
voltage is not good enough.

In general, experimental results proved the expected
converter behavior.

Fig. 8 represents similar results with the shoot-through duty
cycle D=0.16.

Fig. 8a shows the input current and voltage waveforms. It is
evident that the input current is on the boundary between the
CCM and DCM. Voltage and current across transistors T1 and
T5 are shown in Figs. 8d and 8e, respectively. The voltages
across the capacitors of the ZS network are shown in Fig 8c.
As can be seen, capacitor voltages are more stable than in the
previous case. As a result, the THD of the output voltage is
improved up to 4%. The output voltage waveforms before and
after the LC-filter are shown in Fig. 8/

The shoot-through duty cycle equalized the asymmetrical
switching of the transistors. As a result, the behavior of the

converter becomes stable and predictable. In this case, our
experimental results are in good agreement with the
simulation. In conclusion, it should be noted that the chosen
transistor drivers that were not used before in such topologies
are a good solution when the shoot-through duty cycle is
present.

The diagrams presented above show that the main problem
lies still in the DCM that evokes fluctuations of the input
current. It is also evident that as a result of the DCM of the
input current, the oscillating processes that happen in the qZS
network do not evoke a constant behavior of the DC-link
voltage. The DC-link voltage is significantly dropping during
maximum output power consumption and rising during
minimum output voltage. It has a significant influence on the
quality of the output voltage that can be improved by
increasing the capacitor value.

Further experimental investigation of the proposed
modulation technique was carried out according to Fig. 6.
Dependences between the shoot-through duty cycle versus the
quality of the output voltage (THD) and the boost capability
(B) are shown in Fig. 9.

It is evident that shoot-through improves the quality of the
output voltage. At the same time, with a further increase of the
shoot-through duty cycle boost factor B, a simultaneous
increase occurs with THD. It is additionally illustrated in Fig.
10 where output voltages before and after the LC-filter for
different Dg are shown. The best output voltage waveform is
achieved with the lowest Dy. Its increase leads to the increase
of the DC- link fluctuations that spoil the output voltage
waveform. At the same time, it is not a drawback of the
proposed modulation technique because it depends on the
values of the passive components of the gZS network.
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V. CONCLUSIONS

This paper describes an NPC qZSI with a new modulation
technique of the distributed shoot-through duty cycle. The
theoretical and experimental results prove that the proposed
modulation technique is relevant because of its ability to
combine the necessary boost factor with the good quality of
the output voltage.

As a result, the topology of the discussed DC/AC converter
becomes more suitable for photovoltaic or fuel cell
applications where controlled boost capability with a good
output voltage quality are required.

Distributed shoot-through duty cycle allows balancing of
the DC-link voltage and a decreasing value of passive
components.

Further improvements require that the discontinuous input
current mode be eliminated and DC-link voltage stabilized. A
solution could be to develop a closed loop control system with
an additional shoot-through duty cycle regulation capability.
At the same time this problem will disappear in a three- phase
system with a symmetrical load where instantaneous power
consumption is constant.

Thus, the proposed modulation technique can be especially
beneficial in a three-phase system.
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Abstract- High penetration levels of distributed photovoltaic
inverters on electrical distribution grids and due to the main
points demanded in the latest issues of grid codes such as the
reactive power injection during transient grid faults (voltage
sags) and their disconnection in order to avoid the islanding
phenomena, a suitable control algorithm combination is needed
to provide an optimum operation at the electrical grids where
they are connected, improving the power quality and the power
supply continuity. This paper is devoted to the comparison
through simulation of two power flow control strategies for 100
kW photovoltaic inverters in order to analyze the advantages
and disadvantages of each one. The first one is based on the
modulation index and the disphase controls of the reference
signal face to the point of common coupling voltage. The second
one is based on a synchronous reference frame with the voltage
at the point of common coupling using i, and i, current
component controllers.

Keywords — Pulse width modulation inverter, PI control,
Photovoltaic cells, Power system, Generators, Power conversion,
Solar energy, Load flow control.

I. INTRODUCTION

Photovoltaic solar energy is one of the most relevant
distributed energy resources taking an important part in this
new scenario [1].

This fact presents several challenges and opportunities for
the electrical companies [2] that try to achieve an optimum
operation control of their grids in order to improve the power
quality and to assure the power supply continuity.

Due to these high penetration levels of photovoltaic plants
and their inverters, new regulations [3] have been established.
These regulations have as main deal that these inverters work
providing support and stability during grid fault events and
the necessity of injected reactive power in order to restore the
voltage at the point of common coupling (PCC) should be
noted when voltage sag occurs.

Another important aspect is the anti-islanding algorithms
that the inverters have incorporated in order to disconnect the
photovoltaic plant when a grid fault occurs and prevent
several damages. The low effectiveness of these algorithms in
multi-inverter environments [4] must to be taken into account
to achieve suitable control algorithms for the actual situation.

This paper is devoted to simulation study of two power
flow control strategies in order to photovoltaic inverters could
generate the suitable active or reactive power. The first
strategy is based on controlling active and reactive power
through the modulation index and the disphase of the
reference signals. The second one is based on using a

978-1-4673-2421-2/12/$31.00 ©2012 IEEE

synchronous reference frame with the voltage at the point of
common coupling through controlling i, and i, current
components in order to inject the desired active or reactive
power.

Firstly, the description of the studied system using
PSCAD/EMTDC [5] as simulation tool will be shown. After
that, the analysis, explanation and simulation of two power
control techniques will be exposed and finally, each
technique have been studied and evaluated in order to show
the advantages, disadvantages and capabilities to achieve all
the demanded performances.

II. GRID-CONNECTED PHOTOVOLTAIC SYSTEM
DESCRIPTION
Fig. 1 shows the grid-connected photovoltaic system

scheme. All of the different stages will be explained below.

A. Solar Array Model

Several models have been proposed for solar panel
simulation [6]-[10]. Most of them model the solar cell as an
electrical equivalent circuit and some parameters are needed
such as: junction resistor between P-N unions, the contact
resistor between cells and metal parts (R,) and the resistor for
shunt currents (Ry,). In [6]-[8], even the diode factor and the
effective cell area are necessaries.

Due to these parameters are not providing by the solar
panel manufacturers in datasheets, the use of these models are
difficult for the engineers and users. Because of that, a model
based on I-V exponential curve [11] has been used for this
simulation study. This curve is provided in datasheets, and
the model only need the curve and the parameters V,., I,
Dypp, Vipp, which are defined in Table I. The influence of
temperature and irradiance over them is considered and its
information is also provided by the manufacturers [11].

The expressions and equations that describe this model
based on I-V exponential curve are detailed in [11] and the
simulated I-V and P-V curves of Shell SP 150-P [12] solar
panel are shown in Fig. 2 and Fig. 3, respectively. The values
of Vi, Iy, lypp and Vypp have been achieved with an error
less than 1%. With a suitable series-parallel association, the
photovoltaic system DC voltage and the power of the plant
can be achieved. In this study, a 100 kW photovoltaic plant
has been simulated and all of the parameters in standard
conditions are shown in Table I.
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Fig. 1. Grid-connected photovoltaic system scheme.

TABLE I. PHOTOVOLTAIC PLANT PARAMETERS

Parameter Description Value
Voe Open circuit voltage (V) 434
I Short circuit current (A) 4.8

Lpr Maximum power point current (A) 4.4
Viwr Maximum power point voltage (V) 34
Ns Series connected panel 34
N, Parallel connected panel 20
Upe Maximum power point DC voltage (V) | 1156
Shew Maximum power (kW) 101
Upe s Maximum DC voltage (V) 1475.6
5 -
. ™\
Temperature| 25° C
z Irragiance: 1000 W/m2
~
€Y \
e
3, \
: \
o
1
0
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PV Voltage (V)
Fig. 2. I-V curve.
B. Maximum Power Point Tracking (MPPT)

Due to the high cost of the solar panels, the maximum
power point (MPP) operation is necessary. Power depends of
the temperature (7) and irradiance (/%) and the MPP must be
tracked.

Three MPPT algorithms are emphasized due to their
capabilities: perturb and observe (P&O), incremental
conductance [13] (InC) and methods based on dP/dV or dP/dI
controls. dP/dl method has been used in this study on account
of different characteristics such as: simple structure, low
value of measured variables that are needed, convergence
speed, etc. The slope of the P-V curve is calculated using this

150 v
Temperature: 25° C
Irradiance] 1000 W/m2
g 100 i
]
5
o
>
o 50
0
0 10 20 30 40
PV Voltage (V)
Fig. 3. P-V curve.
41—Femp ~2506 \\
Irradiance: 1000 W/m2
<,
=3
g
=1
Q2
=
a
1
0
0 10 20 30 40

PV Voltage (V)
Fig. 4. MPP tracking. I-V curve.

method and the inverter is feed back in order to adjust the
inverter duty cycle and the MPP could be reached. The
photovoltaic plant work region using this algorithm is shown
in Fig. 4 and Fig. 5. In [14], the implementation using
Simulink/Matlab is detailed.

C. Three-Phase Three-Branch Inverter

A 100 kW three-phase three-branch inverter injects the
produced solar energy into the electrical grid. The DC bus
middle point is connected to the ground. Capacitors demand
the solar array energy fluctuation and their value are 15 mF.
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The IGBTs switching signal generation of each branch and
the reactive power controls will be explained in Section I1I.

D. Filter Stage

Inductor filter has been calculated according to [15] and
current ripple, fast and control criteria have been considered.
The filter inductor value is 500 pH.

E. Grid connection. Transformer and Grid Thevenin
equivalent.

Photovoltaic inverter is connected to the grid through an
elevator transformer and the electrical grid has been modelled
as Thevenin equivalent. Table II shows the parameters used
to simulate these elements.

1. ACTIVE AND REACTIVE POWER CONTROL STRATEGY
BASED ON MODULATION INDEX AND PHASE ANGLE

A. Synchronous Generator Equations:

In traditional power systems, active and reactive power
flows are controlled using high power synchronous
generators. Generated active power by means of a cylindrical
rotor synchronous generator is (1):

TABLE II. GRID CONNECTION SIMULATION PARAMETERS

RMS Voltage: U“" 20 kV
Grid equivalent
Thevenin Short-circuit power: Scc 2MVA
Frequency: /' 50 Hz
Nominal power: S, 250 KVA
Nominal winding voltages 0420 kV
Power Positive secuence reactance: Xy 0.04 pu
transformer
Open circuit losses 0.003 pu
Copper losses 0.005 pu

= ——( 4 ”'""b E5ind: Q)]
X

S

(5]

where P is the generated active power by means of a
synchronous generator, U, is the line to neutral synchronous
generator voltage, U, is the line to neutral grid voltage, X; is
the synchronous reactance, 0 is the angle between U, and
U,. Reactive power is given by (2):
0. :Ug(UgMcosé—Ug)._
G X,

If we taking on that ¢ angle is closed to zero, equations (1)
and (2) are transformed in (3) and (4):

@

U, U

P, =2, (©)
N

0, =Yl =Us @
¢ X

5
Therefore, the control variables are (5) and (6):

P, =P.(U,,.5). ®)

Q[; e Qt- (b’g.-n) i (6)

B.  Three-phase Inverter Equations
The RMS line-to-neutral voltage in a three-phase inverter is
given by (7):
U,
U, . =m—=bc, (7)
N

where m is the reference voltage modulation index. The
control variable is shown in (8):

U, y=U, ,(m). ®)
Using expressions (5), (6), (7) and (8) as well as

U, y=U,,,. the relationships (9) and (10) are obtained:
P, =P,(m.,0). ©)
O, =0,(m), (10)

where O represent the disphase between sinusoidal pulse
width modulation (SPWM) reference and the voltage in point
of common coupling (PCC).

C.  Proportional-Integral Controllers

In order to adjust the injected active and reactive powers by
the three-phase inverter by means of control variables m and
O of the SPWM, Proportional-Integral controllers have been
used. In Fig. 6 we can see a sketch of the control system.

5169



Carrier signal

S5 — >,
A —{>°-Ss
Si—>5,

Fig. 6. P-Q control scheme by means of modulation index and @.

V. ACTIVE AND REACTIVE POWER CONTROL BASED ON

I, AND I, CONTROLS
A.  Grid Connected System Model

Fig. 7 shows a single-phase grid connected system sketch.
The inverter has been modelled as an ideal sinusoidal voltage
source %, and r and L represent the resistance and inductor of
the output filter. Due to the system is a three-phase three-wire
inverter, sums of phase currents and zero sequence
components are zero.

This system could be represented as state-space model as

(1ny:

a % —r/L 0 O0lli,| [I/L 0 Olle,—v,
Llil=lo sz oli|+l0 172 0le,—v, (0D
dt

i 0 0 —r/Ljli.f] |0 0 1/L|le,—v.
where e, e, and e, are the line-to-neutral inverter voltages,

v, vy and v, are the line-to-neutral grid voltages and i, i, and i,
are the line currents respectively.

B.  Continuous Time State Equations to Control Active and
Reactive Power

In order to control the injected instantaneous active and
reactive power by the photovoltaic inverter using this control
strategy, Park transformation has been used [16] as well as
synchronous reference frame (d-g) with the grid voltage
vector (v ) [17]. If the reference frame (d-g) has the same
frequency than the grid frequency (w, = w,,, ) and the d axis
is aligned with the grid vector voltage, the ¢ component will
be zero. By this way, the expressed variables in g, b, ¢ frame
are transformed in (12), (13) and (14), and the grid voltage is
synchronous and in quadrature with them:

i=i, + ji, (12)
c=e,+je, (13)
=, (14)

'VW_KYYY\—

e@ @ "

Fig. 7. Grid-connected single-phase inverter sketch.

After that the space transformation, model (11) could be
expressed as (15), where active and reactive powers are
expressed as (16) (17) [18]:

dlig| [—riL  w, i []/L 0 a,,—r,,](m

dt |1, —Ww,, —Tr/L|i, 0 1/ L e,
p=v,i, (16)
q:—vdiq. (17)

Therefore, if the space grid voltage vector (;) is known,
active and reactive power control can be achieved through
current components at d-g frame.

C.  Control System Design in Continuous Time

In the modeled system in equation (15) iy, i, are the state
variables, e, e, are the input variables and v, is disturbance
that could be measured. Equation (15) can be divided in (18)
(19):

di, r

—==——i,+u, (18)
dl L d d

di r

. A SN (19)
dr L*

where u,, u, are independent variables in order to control iy
and i, respectively.

eq and e, are represented in (20) as a function of the
independent variables (u,, u,) and the state variables (iz,):

2 | :
|- p|"|-B 'AEI_" . (20)

e’f L] Le

where A, B matrixes are defined as (21) (22):
A= O Yna|, 63))
Wy 0
0

B= /L | (22)

o N
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Fig. 8. d-q axes control sketch.

Equation (20) has been used as control equation in the
system control as Fig. 8 shows. In this paper, a state feedback
control has been used through proportional-integral
controllers on i, and #, currents [18]. A study of the closed-
loop system has been developed in order to tune the
controllers and a quickly response has been looked for.

V. SIMULATION RESULTS

The injected active power by the grid-connected three-
phase photovoltaic inverter using each control strategy is
shown in Fig. 9 and Fig. 10 respectively. Reference active
power in both cases is: from 0.05 s to 1.5 is 100 kW, from 1.5
sto 3 s is 50 kW and after that system is returned to the initial
state. Using the first strategy, we obtain 25 % as maximum
peak (M) and with the second one, only a 7% as maximum
peak is obtained. Time to reach the steady state () is 0.5 s
and 0.15 s using each control strategy respectively. Because
of that, the time response is better in the second case.

Fig 11 and Fig. 12 show the injected reactive power by the
grid-connected three-phase photovoltaic inverter in each case
with a reference reactive power is from 1.5 s to 3 s of 50
kVAr and zero the rest time assuring equation (22):

Q<8 =P*, (23)

A better time response is again obtained using the second
strategy whit lesser ¢, (0.03 s face to 1 s) in comparison with
the first strategy. Also in Fig. 13 and Fig. 14 we can see the
evolution of all the control variables in both cases.

VL CONCLUSIONS

Two controls strategies to control active and reactive power
by a three-phase photovoltaic inverter have been described
and compared by simulation in this paper.

The first strategy is based on modulation index and O
angle controls, while the second one is based on using a
synchronous reference frame (d-g) with the grid voltage
vector (v ) and isri, controls. Better time response using the
second strategy has been demonstrated by simulation. It is
due to first strategy is based on steady-state equations and it

0.14
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e
006 L,_
=
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Fig. 9. Injected active power using control strategy based on
modulation index and @ controls .
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Fig. 10. Injected active power using control strategy based on i, and
i, current controls.
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Fig. 11. Injected reactive power using control strategy based on
modulation index and @ controls .

is not possible develop the control design for any method and
controllers have to be tuning using try-error methods.

Furthermore, as it is shown in equation (9) and (10), P-O
controls are not independent and it causes a slower response.

On the other hand, dynamic models that allow control
designs are possible using the second strategy and faster and
more stables responses are obtained. Also an independent P-
O control is achieved using this method.
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Nevertheless, faster methods as the second one presented
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in this research.
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could cause damaging transient effects into the grid that they

are connected as transient overvoltages [19] and making
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difficult the flow power control by the electrical companies.
Because of that, the use of the first presented method could be

interesting due to the slower behavior of this strategy.
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Grid-Connected PV System Based on a Single-Phase
Three-Level qZS Inverter
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Abstract— This paper describes the operation of a grid-
connected PV system based on a single-phase 3L-NPC qZSI using
PSCAD as simulation tool for modelling the system: PV array,
single-phase 3L-NPC qZSlI, filter stage and electrical grid. The
control system considers a maximum power point tracking
algorithm, a phase loop locked for synchronization with the grid
voltage, a control strategy to inject current in phase with the
voltage at the point of common pling and the dulation
technique that also take into account shoot-through duty cycle.
Simulation results are provided in order to show the viability of
using this topology for PV energy systems connected to the
electrical grid.

Keywords—Photovoltaic ~ systems; PSCAD; Pulse width

modulation converters; Power system simulation.

L INTRODUCTION

Several factors such as an electrical consumption increase,
the electrical market liberalization, the need to reduce CO,
emissions and the new technological development are boosting
the distributed generation (GD) with renewable energies.
Photovoltaic solar energy is one of the most relevant renewable
distributed energy sources [1], as a consequence, in many
cases, of profitable incentive policies. R&D activities focus on
improving the efficiency, profitability and the manufacture of
photovoltaic (PV) equipment and systems. This includes the
development of solar cells no longer based on multi-or-single
crystalline silicon, PV modules including building-integrated
PV modules and PV inverters among others.

PV industry aims to reduce the cost associated with PV
inverters by increasing the overall performance. In order to
achieve its goal, innovative ideas in terms of circuit topologies
and control solutions are carried out. At the same time current
trend in multilevel inverter topologies [2] indicates the
preference of using multiple numbers of power devices of
smaller rating instead of one device of large rating with has as
consequences higher power quality, higher voltage capability,
better electromagnetic compatibility and lower switching losses
among others. Also new industry applications for multilevel
inverters are emerging, in particular, for interfacing renewable
energy sources.

Solar energy production is well known that depends of
solar irradiance (W) and temperature (T). Unfavorable
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Tallinn University of Technology
Tallinn, Estonia
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Serhii Stepenko
Dept. of Industrial Electronics
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University
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conditions of these variable parameters generate a low value of
the DC-link voltage which causes a worse working point,
reducing the effectiveness of the solar energy use due to
control strategies involved in the PV traditional inverter
topologies. Because of that a DC/DC boost converter [3]
should be used in the input stage increasing the complexity of
the system and reducing the overall performance.

Z-Source Inverter (ZSI) [4] and quasi-Z-Source Inverters
(qZST) [5] have been proposed to compensate this situation due
to its boosting capabilities. qZSI inherits the advantages
provided by ZSI and also gets smaller passive component
rating and continuous input current mode.

The modern Three-Level Neutral-Point-Clamped quasi-Z-
Source Inverter (3L-NPC qZSI) topology proposed in [6] has
both advantages of multilevel and qZS topologies which make
it especially suitable for PV applications. Due to 3L-NPC qZSI
topology is rather recent, it has only been analyzed in not-grid-
connected electrical systems and it is necessary to study a wide
range of aspects: synchronization with the grid voltage,
maximum power point tracking (MPPT), anti-islanding
detection and reactive power control when this topology is
working connected to the electrical grid. Some of these matters
are prescribed by regulations.

This paper describes the operation of a grid-connected PV
system based on a single-phase 3L-NPC qZSI using PSCAD as
simulation tool. The descriptions of the different implemented
systems such as: PV panel model, MPPT algorithm,
synchronization with grid voltage, control strategy to generate
the reference signal and modulation technique (with shoot-
through duty cycle (Ds)). Simulation results are also provided
in order to show the viability of using this topology for PV
energy systems connected to the electrical grid.

II.  DESCRIPTION OF THE MODEL

Fig. 1 depicts the power stage of the modeled grid-
connected PV system based on a single-phase 3L-NPC gZSI.
PV panel array is feeding a 3L-NPC qZSI that injects current
into the electrical grid considered it as Thevenin equivalent.
The output filter is an inductance in series which includes the
effects from transformer and grid impedance in order to
simplify the simulation study.
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Fig. 1. Power stage of the grid-connected PV system based on a single-
phase 3L-NPC gZSI.

The inductor filter has been calculated according to [7]
taking into consideration current ripple, rapidity and control
possibility guidelines.

Following section describes each element of the PV system
based on a single-phase 3L-NPC qZSI both power stage and
control stage being modeled.

A. PV Array Model

The behavior of solar panels is well-known. They provide a
limited voltage and current following an exponential I-V curve.
Designing simulation models for PV modules is a very useful
but not easy task to deal with studies regarding PV plants such
as integration to the grid, designing control strategies for
inverters, analysis of new inverter topologies, etc.

Several models have been proposed for PV panel
simulation. Most of them model each solar cell as equivalent
circuit, which consists of a current source anti-parallel with a
diode, a shunt resistance and a series resistance. Such model is
widely used in research works and in commercial simulation
software (for instance in PSCAD library), however, it has the
disadvantage of requiring unknown parameters, as series and
shunt resistances even the diode factor which are not provided
by manufacturers [8]. Due to this disadvantage for users and
engineers, a mathematical PV model based on the exponential
I-V curve has been chosen for this work. This math model
follows the equation (1):

Vovrw ~Voorw

-B,e * (1)

Vovw ~Voew

1-B-e ©

| W = | ¢, TW

where ly,nw and lsrw are the current and short-circuit current
provided by the PV panel in specific conditions of W and T.
Vputw and Voerw are the voltage and open-circuit voltage
provided by the PV panel in specific conditions of W and T as
well. The parameters By, B,, 7 and 7, have as goal to reproduce
the exponential shape of one specific panel curve in different
condition with high accuracy, where these parameters are
obtained only from manufacturer specifications in typical
datasheets. Mathematical foundation is detailed in [9].

The obtained I-V and P-V family curves of panel Shell
SP150-P in different T and W conditions after implementation
and modeling in PSCAD are showed in Fig. 2 (a) and Fig. 2 (b)
respectively. For this simulation study the PV array
configuration is composed by 4 strings of 20 panels.
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Fig. 2. (a) I-V curves in different conditions of W. (b) P-V curves in
different conditions of T.

B. MPPT algorithm

Tracking the MPP of a PV array is necessary due to the
high cost of solar panels being an essential task of PV
inverters. In this way, many MPPT algorithms have been
proposed in the literature [10]. Those methods vary in
complexity of implementation, sensors required, convergence
speed, cost, range of effectiveness and hardware
implementation among others [10].

Three MPPT algorithms are emphasized due to their
capabilities: perturb and observe (P&O), incremental
conductance (InC) and method based on DP/dV or dP/dI
feedback, being some of the most traditional. P&O has been
used for this modeling study for several reasons: it has a simple
structure which allows an easy implementation, only two
sensors are needed (to measure lp, and V) and it can be used
for digital or analogical systems among others.

The explanation of this method is as follows [10]: a
perturbation is involved in the reference current of the PV array
(I*pv) which causes a perturbation in the V,, and subsequent the
PV array power (Ppy) is modified. By means of the increment
of the I, when the operation is on the left of the MPP, the Py,
is decreased and the Py, is increased if the operation is on tbe
right of the MPP. The same reasoning is possible when the I,
is decreased.

It should be noted that other variables could be used to
produce the perturbation on the Pp, such as V' or shoot-
through duty cycle (D). If one perturbation in one direction
produce and increment of the Py, next perturbation should be
in the same direction and if it does not occur, the perturbation



TABLE I
SUMMARY OF MPPT ALGORITHM BASED ON P&O

Perturbation Change in Power Next Perturbation
Positive Positive Positive
Positive Negative Negative
Negative Positive Negative
Negative Negative Positive
)
XNO ““
‘]
e L
Ny
memory

Fig. 3. Implementation scheme of MPPT based on P&O in the modeling
process.

has to be reverse. In Table I the aforementioned process is
summarized.

In our case of modelling we have chosen I*p\, to produce the
perturbation on Py, and the implementation scheme used in
PSCAD is depicted in Fig.3. The process summarized in
Table I is easily carried out using a XNOR gate and also two
I*pv limits have been inserted in order to avoid convergence
problems. In our PV array configuration where the I, at the
MPP is 17.6 A (4 panel in parallel) at standard condition, the
upper limit is 25 A and the lower limit is 0.1 A. The
perturbation size is 0.5 A bringing to the system towards an
operation point near to the MPP as Fig. 4 shows. Due to this
reason some amount of energy is wasted [11] but, some papers
propose methods to improve the performance using adaptative
perturbation sizes.

C. Control Strategy. Reference Generation

The goal of this simulation study regarding injecting power
into the grid is carrying it out with unitary power factor, that
is, injecting a sinusoidal current in phase with the voltage at
the point of common coupling (PCC). It will be achieved by
means of controlling the output voltage between branches of

the 3L-NPC qZSI.
| <5

Ppv (W)

0 5 10 15 2 30 35 40 45

0 25
Vpv (V)
Fig. 4. Operation of MPPT based on P&O.

First of all it is necessary to perform a power balance
between DC and AC sides to obtain the injected RMS
reference current (I*gr.d) into the grid. This is carried out by
means of (2):

* *

1V, =1

pv ' pv gridvgrid . (2)

To explain the control strategy and generate the reference to
be tracked is necessary to consider the variables defined in
Table II. To realize a more precise approach, we will take into
account the resistance of the filter inductance (Ry). The filter
inductance (Lf) which includes the impedances of transformer
and grid is considered as constant to simplify the study.

Such variables are represented in the equivalent scheme of
the output filter (Fig. 5 (a)) and its vector diagram in a d-q
frame (Fig. 5 (b)). The d component of this frame will be
synchronized with the voltage at the PCC.

According to the vectors diagram from Fig. 5 (b) one has

2):
Vs =Vgig +Vr +V 0 @)
that could be expressed in a d-q frame as (3):
Ve =Vl Ua +VgUs +V, Ug 3)

where Uy and U are unitary vectors in the d and q directions.

To obtain the unitary vectors, a phase locked loop (PLL) is
required. In this work, the PLL available in PSCAD
simulation tool library has been used. It generates a ramp

TABLE IT
RELEVANT VARIABLES INVOLVED IN THE CONTROL STRATEGY

Variable Description

= Reference output voltage vector of the fundamental
Vie component in terminals of the 3L-NPC qZSI. Voltage
between branches.

. Reference voltage drop vector in the filter inductance.
v Reference voltage drop vector in the resistance of the
R filter inductance.
I—g',Id Reference injected current vector to the grid.
ng Voltage grid vector. Voltage at the PCC.

Fig. 5. (a) PCC equivalent scheme. (b) Vectors diagram.



signal (6) which varies between 0° and 360°, synchronized or
locked in phase with the instantaneous voltage at the
PCC Vgrid(t)~

The RMS value of V,; can be calculated as (4):

*

Vi = Vg +Ve)* + (V) O]

where voltages Vg g is RMS value of voltage at PCC, Vs and
V' are RMS values of the references voltages of Vi and V',

voltage drop at the filter
respectively.

resistance and inductance

At the same time, peak value of V' is related to the
modulation index (m) and the DC-link voltage (Vpc-Link)
by (5):

v,

m = (&)
VDC*LINK
and if m is expressed as (6) one has:
o TRy + (oLl )
m:ﬁ\/wgd 2R + (L) ©

DC-LINK

where Vpcnk is the measured DC-link voltage. Thus, the
modulation index m has been calculated to obtain the desired

amplitude of \7;5 according to the vectors diagram of
Fig. 6 (b).

To calculate the angle (&) of Vy , a unitary vector in the
direction of such vector is calculated as (7):

(\/grid + 'Qnu R)-Uj, +(a)L|;rid)'Uq

U=
\/(Vgrld + I;rld R)Z + (oLl ;rld )2

@)

Thus, the unitary reference instantaneous voltage (Vi) is
generated and it will be used in the shoot-through sinusoidal
pulse width modulation with the properly m and its phase u.

D. Modulation Technique

There are two kinds of switching signals to generate
separately in a grid-connected 3L-NPC gZSI. On one hand it
is necessary to generate the normal switching signals (S;,) in
order to track the reference signal v, aforementioned. On the
other hand the shoot-though states (S;) must to be added
carefully in order to boost the input PV voltage (V) when it
would be necessary, for instance when W decreases.

Some requirements are demanded when shoot-through
states are generated, for instance do not affect to the average
output voltage and they have to be uniformly distributed

during the whole output voltage period with constant width.
These features produce several advantages such as minimum
ripple of the input current, minimum value of the passive
elements, reduction the THD of the output voltage and allow
obtaining the desired boost factor.

In this simulation the modulation technique proposed in
[12] has been used to achieve the aforementioned features.
Fig.6 shows the implementation scheme of this modulation
technique followed in PSCAD and in Fig.7 normal switching
states and shoot-through states are displayed.

E. Modeling of the Power Stage

The full switching model of the 3L-NPC gZSI has been
carried out in PSCAD as electrical model by adding electrical
components. This kind of modelling is useful to analyse the
full behaviour of the converter and all its measurements even

Reference
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Fig. 6. Implementation sketch of the modulation technique.
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at the expense of higher simulation times and data file sizes.
However, to analyse other capabilities, an average model of
the power stage could be used. Value of passive elements will
be provided in next section.

III.  SIMULATION RESULTS

In order to validate the full system operation, a simulation
study was performed. Used values in the simulation for each
component of the system are showed in Table II. Values of
passive elements of qZ network have been calculated according
to guidelines provided in [13].

Shoot through switching states are added to the normal
states in order to increase the input voltage. Ds has to assured
equation (8) [14]:

D, <l-m. (8)

The minimum value of Ds is determined according to next
reasoning. Voltage between terminals of an inductor is (9):

di(t)
v =L ©)
d(t)
TABLE IT
USED VALUES FOR SIMULATION STUDY
Parameter Unit Element Value
Inductors Ly,Ls (mH) 0.29
Inductors Lo, L4 (mH) 0.29
qZ network
Capacitor C1,C4 (mF) 4
Capacitor C5,Cs (mF) 1.3
w (W/ m?) 1000
T “©0) 25
Open circuit voltage W) 34
Voc
Short circuit current lg (A) 4.8
Maximum power point ™) PV array 34
voltage Viep model
Maximum power point ) 441
current lypp
Panels connected in
- 20
series Ng
Series connected in 4
parallel N
Perturbation size
N (A) 0.5
Al MPPT
Time between ©) algorithm 01
perturbations i
Ly (mH) Filter stage 4
Electrical
Vo W) rid 230
Shoot-through duty
0.1
cycle Ds Modulation
itchi technique
Switching frequency (kHz) q! 50
sw

where v (t) is the instantaneous value of the voltage in the
inductance, L is the inductance value and i(t) is the current
across the inductance.

In our case, according to the equivalent scheme in Fig. 5 (a)
it also can be obtained as (10):

V() =V (D) - Virid (t) (10)

where Vag(t) is the instantaneous voltage between branches
and Vgyig(t) is the instantaneous grid voltage.

In order to assure the control in the inductance and be able
to inject the desired current for every value of Vyrg(t), equation
(11) must be satisfied:

Voo k> V2V - (11

In the 3L-NPC qZSI, expression (11) could be expressed as
(13) taking into the account equation (12) [14]:

V
Voc-unk = 172IND ’ (12)
s
V,
l_éNDS, >42V,,. (13)

Operating with equation (13) we can obtain expression (14):
Dy > o -, (14)

which assures that the injected current control can be carried
out successfully.

In Fig. 8 we can see the I*p\, provided by the MPPT which
reach the steady state after connection of the inverter to the grid
at second 5. I*pv reaches the proper value according to lypp per
panel and four series connected in parallel.

Fig. 9 depicts Vpc.Link Where a pulsation at 100 Hz can be
appreciated due to the single phase power system. Also, Vpc.
Link 18 going to zero during the whole period. In Fig. 10 we can
see instantaneous voltage between branches Vg,

In Fig. 11 the injected current in phase with the voltage at
the PCC are showed. It can be appreciated a proper

Reference |pv provified by MPPT [
(P$0) -~

: i

5 7

3

E al
e way
0 1 2 3 7 8 9 10

5
Time (s)
Fig. 8. Reference current obtained by the MPPT algorithm based on
P&O.
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Fig. 11. Output current and voltage at PCC.

synchronization between both signals. Finally, in Fig. 12 the
evolution of the control variable m is represented. Once the PV
system has reached the steady state, m is near to 0.8 which
accomplish equation (8).

IV. CONCLUSIONS

In this paper, a grid-connected PV system based on a single
phase 3L-NPC qZSI has been simulated by means of PSCAD.
The model includes the PV array, MPPT algorithm, single
phase 3L-NPC qZSI with an inductance filter, phase locked
loop for synchronization with electrical grid, control strategy
to inject current in phase with the voltage at the PCC and the
modulation technique including shoot-through states. The
proper operation of such model has been demonstrated by
simulation of a 12 kW PV system.
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Fig. 12. Evolution of modulation index m.

Also a guideline to calculate the minimum value of Ds that
assures the proper control of the injected current has been
proposed.
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Abstract—This paper explains a new control strategy for
controlling active and reactive powers in a single phase Z or qZ
source inverter to increase the active functions of these
converters when they are interfacing with distributed energy
resources. The proposed strategy is based on a d-q synchronous
reference frame and it is validated by simulation in a single phase
three-level neutral-point-clamped topology. Both steady and
transient states are studied under different conditions.

Keywords—power  electronic converters; power control;

distributed power generation; power system simulation

l. INTRODUCTION

High-penetration levels of distributed inverters on an
electrical distribution grid present changes and possibilities in
the management of the grid [1]. Those inverters mainly interact
with distributed energy resources, for instance, photovoltaic
(PV) panels. For long years, they just extracted the maximum
power from the PV panels and injected it into the grid [2] with
the reference of unitary power factor. New trends about
controlling photovoltaic inverters propose to integrate to them
active functions [3]. In this way, inverters will become active
devices of the electrical grid, ensuring local support, quality
warranties and security of supply. Some of these new
demanded active functions (even some of them by regulation
[4]) are power flow control (P and Q), voltage level at the point
of common coupling (PCC) control, active filtering capabilities
[5], integration with the energy resource (MPP tracking, energy
storage [6-8] ,...) and communication compatibilities among
others.

Controlling the power flows by inverters is one of those
main issues, in both transient (e.g., during voltage sags) and
steady conditions [9] (e.g., restoring the voltage level at the
PCC). The extra-capacity of inverters [1] and, in the case of PV
distributed plants, the limitation of active energy production,
can be used as solutions for this requirement. In this way,
inverters can generate or consume reactive power (Fig. 1)
providing the required local support and control.

At the same time, PV industry aims to reduce the cost
associated with PV inverters by increasing the overall
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Fig. 1. Inverter capacity.

performance. In order to achieve its goal, innovative ideas in
terms of circuit topologies are carried out, and Z-Source
Inverter (ZSI) [10] and quasi-Z-Source Inverter (qZSI) [11]
topologies are quite appropriates for PV applications due to
their boosting capabilities. qZSI inherits the advantages
provided by ZSI as well as gets smaller passive component
rating and continuous input current mode.

Also current trend in multilevel inverter topologies [12]
indicates the preference of using multiple numbers of power
devices of smaller rating instead of one device of large rating
with has as consequences higher power quality, higher voltage
capability, better electromagnetic compatibility and lower
switching losses among others. Also new industry applications
for multilevel inverters are emerging, in particular, for
interfacing renewable energy sources.

Due to the aforementioned causes, this paper proposes a
new control strategy for controlling P and Q injected powers
for Z or qZ source inverters based on a synchronous reference
frame d-q [13-14]. As the original d-q and p-q theories are
applicable to three-phase three-wire or four-wire systems and
cannot be used directly for a single phase system, some
approaches [15-16] to expand the three-phase d-q theory to
single phase systems have been taken into account. In this way,
the proposed control strategy is validated by simulation in a
Three-Level Neutral-Point-Clamped qZSI (3L-NPC qZSl)
topology proposed in [17] (Fig.2) under different conditions.
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Fig. 2. 3L NPC gZS inverter connected to the grid.

Il.  PROPOSED SINGLE PHASE ACTIVE AND REACTIVE
POWER CONTROL STRATEGY

This section explains the basis of the proposed control
scheme as new active function for Z or gqZ single phase
inverter. For controlling P and Q it is used a synchronous
reference frame d-g. First of all, the expressions for single
phase systems to transform time varying signals (voltages and
currents) to d-q components are showed. Afterward, the full
control strategy to generate the references of the converter to
track the desired P and Q values is detailed.

A. Theoretical Aspects of the Single Phase Rotating D-Q
Reference Frame Transformation

As aforementioned, the original d-q transformation from
abc coordinates (time varying signals) can only be used in
three phase systems [18]. It has been widely used in active
filters and reactive power compensators because the
fundamental frequency components are mapped to DC values.
The linear transformation from abc time varying signals to
synchronous reference d-q components is given by (1) [19]:

v, sinot  sin(@-2z/3) sin(@+2x/3) ||v,
Vy |=2|coswt  cos(0-27/3) cos(@+2x/3) || v, (1)
v, 1/2 1/2 1/2 A

where 0 = wt and @ = electric system pulsatance.

The three-phase abc vector (currents or voltages) can also
be transformed to rotating d-q components if previously they
are transformed by using an orthogonal o-f stationary frame
[20] (expression (2)) and then to synchronous frame d-q with
expression (3):

X2 v, 2
w730 By -y @
2 2 ][ Ve

v, sinwt —cosat ||V,
d _ al X [0] « ) (3)

v, coswt  sinawt ||V,
Expression (3) comes from make rotating the a-/ stationary
frame at the fundamental frequency, so two orthogonal
components are required to obtain the resulting d and g values.

It is the main problem to use this theory in single phase circuits
where just one phase signal (current or voltage) is available.

Different approaches have been developed to obtain the

necessary orthogonal component and, in this way, d-q theory
will be applied in single phase studies.

[21] proposes the orthogonal imaginary circuit concept with
the main idea of obtaining two variables, the real one (voltage
or current) and an imaginary one, with equal characteristics but
shifted 1/4 of period of the real one.

From the practical point of view, if we measure the real
signal to be transformed to the d-q rotating frame, just using a
time delay method (storing the value) we can obtain the
imaginary component and in this way, the measured signal is
the o component and the delayed signal is the # component.
This fact is illustrated in Fig. 3 a).

Mathematical foundations for the case where the real signal
is a sine are as follows (example for voltage signal):

Vv, =V, =V sin (ot + )
V; =V, =Vsin(ot+ ¢ -7z /2) = -V cos (ot +¢).

Q]

To obtain the DC values in a d-q rotating frame from AC
signals (Fig. 3 b) is necessary to use the linear transformation

OF
\/ sinot  —cosat ||V,
d _ [0 X [ « ) (5)
A coswt  sinet ||V,
If the real signal is considered as cosine, the linear

transformation would be different [22] (replacing sin (w?) with
cos(wt) and cos (wr) with -sin(w?)).

If one transforms equations (4) by means of linear
transformation (5):
Vv, =V sin (ot + @)sin (ot) -V sin (ot + ¢ — 7/ 2) cos (wt) =
=V cos(¢p)
v, =V sin (wt + @) cos (wt) +V sin (ot + ¢ -7/ 2)sin (ot) = (
=Vsin(p),

it is obtained the DC components of the original AC signals at
the fundamental frequency in the synchronous d-q frame.

6)

Finally, the inverse linear transformation from d-q signals
to a-f is given by (7):

v, | [sinet coset v @
v, | |cosat —sinet ]| v, |’

Real signal (alpha component)

Ortogonal imaginary signal
u\%ﬁta component)
wt

0 7l2 3 3/ 73

(a)

Fig. 3. a) Real and imaginary signals. b) af to rotating dq reference frame
transformation.

2049



B. Control Strategy based on Controlling d-q Voltage
Components

Fig. 4 illustrates the proposed control strategy to obtain the
d-q reference voltage components of the inverter, in order to
control P and Q by means of controlling d-q components of the
injected current into the grid.

A single-phase phase locked loop (PLL) is needed to obtain
the phase information (0 angle) of the grid voltage at the PCC.
This angle is used by the linear transformations (5) and (7),
direct and inverse respectively to transform from a-4 stationary
frame signals to synchronized d-q signals and vice versa. In
addition, if the d-q frame has the same frequency than the grid
frequency, and the d axis is aligned with the grid voltage
vector, the g component of grid voltage will be zero.

As aforementioned, to make possible the control in a d-q
rotating frame are necessaries two orthogonal components in a
stationary frame. The orthogonal (the imaginary one)
component is obtained by delaying a quarter of period at the
fundamental frequency [21] the measured signals of grid
voltage and grid current.

The full control system uses two control loops in a coupled
way, regulated by PI controllers. The internal control loop
regulates the error (reference less measured) of the d
component of the grid current by acting over d and q
component of the inverter reference voltage. It means that this
PI controller adjusts the amplitude of the reference signal. The
external control loop regulates the error of the q component of
the grid current and acts just over q component of the of the
inverter reference voltage. This controller adjusts the phase of
the reference signal.

Obtained reference values of d-q components of the
inverter reference voltage, it is known the minimum value of
the required DC-Link voltage. This reference value (V) is
compared with the measured DC-Link voltage (V) to
determine the work mode of the inverter. If V;, s is bigger than
V., the boost mode is activated and a third control loop is

Vgrid

lgrid
grid a afs O d
T eipei)

involved. The shoot-through duty cycle (Ds) is adjusted by the
third PI controller. In this case, the reference signal (Vag, control)
of the sinusoidal pulse width modulation block (SPWM) [23] is
obtained by (8):

1-Dg) v
AB,control :ﬁ ’ (8)
where vnoq IS the inverter reference voltage, obtained by using
the inverse transformation (7) in the d-q inverter reference

voltage components.

1 V¢, ref is less than Vg, the inverter works in buck mode so it
is not necessary to use the third control loop because Ds will be
equal to zero. In this case, the reference signal of the SPWM
block is given by (9):

v Voos ®)

AB,control — v
c

I1l.  SIMULATION RESULTS

In order to validate the control strategy for controlling P
and Q in a single phase Z/qZ source inverter topology, a
simulation study was performed in PSCAD/EMTDC. The
proposed control strategy is implemented in a single phase 3L-
NPC gZSI connected to the grid.

Steady and transient responses are analyzed in order to
demonstrate that this strategy is suitable in any condition (with
constants or variables references) of P, Q and input voltage
(Vin) (in this way, three PI controllers are tested) so, this section
is divided in two.

Another important aspect is that PI controller of the internal
loop must be faster than PI controller of the external loop. It
has been taken into account to tune them by means of manually
methods.

Switching

AN ” Vmop SPWM signals
dg— ap

Ve, ref

Sqrt(Vd*+Va?)

I
i
ves |
boost mode | _ _ _

‘ no
buck mode

Fig. 4. Proposed P and Q control scheme for single phase z source or qZ source inverter based on rotating d-q reference frame.
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A. Steady Responses

Table | shows the different parameters that have been used

in this case of the simulation study.

TABLE |
USED VALUES FOR SIMULATION STUDY
Parameter Unit Value
Inductors Ly,..., Ly (mH) 0.29
Capacitor C1,C4 (mF) 4
Capacitor C,,Cs (mF) 13
Grid RMS voltage ) 230
Input voltage V) 240
K, of controllers (for Iy, I, and Ds) 0.005 | 0.005 | 0.35
t; of controllers (for l4, 15 and Ds) 0.02 0.25 | 0.08
Switching frequency (kHz) 50
Simulation step (us) 0.25
250)
VIN
200
2L
&% 150
EE 100|
gg 101y
50
0 i
1.94 1.95 1.96 1.97 1.98 1.99 2
Time (s)
(a)
40
Ve
30
g
220
g
Loa 1.95 1.96 1.97 1.98 1.99 2
Time (s)
(©
300 v
GRID
.\ N\ a
S2 o\ /- \ I\
g8 50lcrip
£5 9
g g -100
\ / \ / \_/
\74 W/ \74

1.94

1.95

1.96

T_1.97( )
me (s,
(e

1.98 1.99 2

Values of passive elements of qZ network are calculated
according to guidelines provided in [24] and also, the converter
is working in boost mode as generalization.

Fig. 5 represents the different obtained waveforms in steady
state when Iy is equal to 5 A and | is equal to 0 A. a) input
current (I;,) and voltage (Vi,), b) DC-Link voltage (Vpc.Link), C)
voltages in capacitors (V.), d) output inverter voltage (Vag), €)
grid voltage (V) and injected current (I;) and f) d and g
components of the injected current.

We can see in Fig. 5 a) that the converter is working in
continuous mode (input current never crosses the zero) and due
to the low value of Vi, Vpcink (Fig 5 b), is going to zero
because shoot-thought states are applied. A ripple at 100 Hz is
appreciated in both signals, due to the single-phase power
pulsation.

Fig 5 c) shows how the input voltage is boosted according

s
@
<3
£
S
>
=
E
=
Q
a

Output voltage (V)

1.94 1.95 1.96 197 1.98 1.99 2
Time (s)
(]
8
z Id,ref 5A
2 6 i lg,ref 0A
£
5
: MV V'V VWV VAV
4
5 4
z,
3 Iq
= s >y i Y i i, s >y .
2 USan ~an ~an ~an San S50 20 20 40 "an ~an oo |
©
o

194 1.95 1.96 1.98 1.99

N

1.97
Time (s)
(U]

Fig. 5. Simulation results in steady state. a) Input current and voltage. b) DC-Link voltage. c) Voltages in capacitors C, and Cs. d) Output voltage Vae. €) Grid
current and voltage. f) d and g components of grid current.

2051



to equation (9) [23]:
1- Dy
Ve =M-B-Viy 71—2D5V'N, ©)
where M is de modulation index and B is the boost factor.
Finally, Fig. 5 e) and f) show that the references of Iy s and
lqre are tracked successfully.

B. Transient Responses

Fig. 6 shows the response of the system in different
dynamic conditions. Fig. 6 a) and b) show the starting of the
described case in section A. We can appreciate the evolution of
Ds and Vag contrat in 6 @) and evolution of Iy and I, components
of injected current in 6 b). Once the D reaches the steady state
(second 0.5), PI controllers of I; and I, start to converge.
Internal controller for 14 shows a faster response according to
tuning procedure.

Reference

!1!""I\II<|||\|||\|\||mmmmnmnmmnmmm.uu|um|.|mum||.n|mummmmhnnhnlummummun|\||||\|‘m|
............. *:‘.'mm AT

AR
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BRI TEEDERR )
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The second transient situation is represented in Fig. 6 c)
and d), with the evolutions of Ds and Vag control, @nd evolutions
of Iy and I, components respectively, when a step in V,y from
240 V to 500 V is applied in second 1.5. The converter change
from boost to buck mode and the references of Iy and 1, are
properly tracked in both points. This case is related with PV
applications, where Vy can change in a fast way. In order to
make the evolution of Ds faster than in previous case, the t; of
its controller has been tuned in 0.02.

Finally, steps in Iq . and lq s can be observed in Fig. 6 e)
and f) respectively. lq s is changed from 5 A to 7 A and I s
from0 Ato 2 A, at the second 1.5. In both cases, the references
are tracked with high accuracy and velocity.
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Fig. 6. Transient responses in different cases. a) Reference signal and Ds evolutions during grid connection transients. b) d and ¢ grid current components at the
same situation. c) Reference signal and Ds during an input voltage step. d) d and g grid current components during an input voltage step. €) d and q grid
current components during a lq s step. f) d and g grid current components during a lq,rs step.
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IVV.  CONCLUSIONS

This paper has proposed a new control strategy for single
phase Z/qZ source inverter based on a d-q synchronous
reference frame. The control strategy generates the d-q
reference voltage components of the inverter in order to control
P and Q power flows. This task is a new demanded active
function for grid-connected inverter and, in this way,
distributed energy resources will support to the electrical grid
at the PCC, taking part as active equipments.

The proposed strategy is validated by simulation in
PSCAD/EMTDC and different dynamic conditions were tested
with satisfactory results, analyzing the response of each
variable involved in the control system.

Future research activities will be devoted to experimental
validations in a real prototype, and developing other active
functions for these topologies, as active filtering capabilities.
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Abstract—Focus is on three operation strategies for a grid-
connected three-level neutral-point-clamped quasi impedance
source inverter in a single-phase application. Each control
scheme was implementedin the PSCAD/EMTDC simulation tool
and underwent different tests, which involved some steps in the
reference values and in the perturbations applied to the system.
A comparison according to their responses was based on
different criteria, such as rise time, settle time, overshoot and
steady state error, in order to determine which would be more
suitable for such application.

Keywords—pulse width modulation inverters; photovoltaic
systems; PSCAD; power system control; distributed power
generation

L INTRODUCTION

Shortage of fossil fuels and the necessity of reducing CO,
emissions among other reasons have significantly grown the
number of inverter-based distributed generator (DG) connected
to the low-voltage distribution network. Many of them interact
with renewable energy sources (RESs) such us photovoltaic
(PV) modules (Fig. 1 shows the installation). For a long time,
PV inverters’ function was merely to inject power into the
main grid with a unitary power factor as the control reference
[1] but under new trends and policies for PV plants they are
integrated as active and smart devices [2]-[3]. As a buming
ambition, this current philosophy contributes to the change
from the traditional and linear power systems to the smartgrid
and microgrid [4] concepts. In this way, PVinverters would be
able to contribute to the local voltage support, improve the
power quality and give rise to flexibility and security of supply.
Some of those new demands for inverters are power flow
controls [5], voltage level restoration at the point of common
coupling [5]-[6] (PCC), active filtering capabilities [7],
integration ~ with  energy storage systems [8], and
communications compatibilities.

Concurrently, innovative ideas in terms of inverter
circuitries have emerged during the last years. Some of them
seem quite suitable for PV applications because they can step
up the DC input voltage in a single power conversion stage by
means of the shoot-through switching states, known as Z-
source inverter (ZSI) family and its derivations [9]-[11].

Impedances
(output filter, lines,

DG transformer,...) Distribution network
converter 5 o Y 400
Vinv . 6° ge®

Fig. 1. Basic scheme of a grid-connected photovoltaic inverter.

Furthermore, ZSI family has been integrated with
multilevel bridges to acquire their intrinsic advantages [12].
However, because ofthe relatively early stage, only few studies
deal with the grid-connected integration with closed loop
control systems, which basically must provide coexistence of
an operation strategy of the inverter, a maximum power point
tracking (MPPT), a DC-link voltage control method and a
special modulation technique to embed the shoot-through states
into the normal ones. For instance, a control strategy for the
injected current in a grid-connected three-phase ZSI based on
proportional-resonance and repetitive controllers is detailed in
[13] in order to deliver a balanced set of current into a distorted
system. A grid-connected three-phase PV quasi ZSI with a
battery storage systemis studied in [14]. The proposed control
structure is based on a d-q rotational synchronous reference
frame and a shoot-through control method to extract the
maximum power for the PV array. A decoupling active and
reactive power control is described in [15] for an application
similar to that in [14].

In the particular case of grid-connected single-phase
multilevel impedance family inverters (Fig.2), some previous
studies have dealt with the control system design [16]. As the
original d-q and p-q theories were developed to three-phase
three-wire or four-wire systems, they cannot be used directly
for single-phase systems. Nevertheless, some approaches [17]-
[18] to expand the three-phase d-q theory to single-phase
systems can be found in the literature.

In section II, three different closed loop control systems
with shoot-through regulation are proposed and schematically
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Fig. 2. Single phase 3L NPC gZS grid-connected inverter.

explained for a single-phase three-level neutral-point-clamped
qZSI (3L NPC qZSI) [19]. Next, the simulation study and the
results obtained for each control structure are shown with
emphasis on the systemdynamics. Finally, different responses
in each situation based on different criteria, such us rise time,
overshoot and settling out to a steady state, are compared.

II. SCHEMESAND EXPLANATIONSOF THE PROPOSED CONTROL
METHODS

In general, all inverter control strategies can be classified
according to the controlled parameters: output voltage or
current control, stationary or rotating reference frame and
direct or indirect power control. In the PV inverter with
intermediate boost, the DC-DC converter control system is
divided as well. ZSIs are considered as single-stage converters,
but with regard to the control system, they are considered as a
two-stage structure due to the shoot-through duty cycle (Ds)
with its additional control parameters.

Several approaches applied to grid-connected PV ZSIs are
described in [20]-[24]. Their treatment in the shoot-through
control is similar. By means of the MPPT block, the reference
PV voltage (input voltage)is obtained. Taking into account that
the capacitor voltage (Vc) remains constant, Ds is defined as
[20]-[21]:

— Vc _VIN 1)
° 2Ve —Viy .

At the same time, voltage error on the capacitor (or DC-
link) along with the PI controller are used for the power
references. Stable capacitor voltage means balanced power
between the demanded power from the PV panel and that
injected to the grid. Usage grid voltage shape as reference
shape for current provides only active power at the PCC. The
main drawback of such approach lies in the low dynamic
performance.

Another control strategy based on the d-q rotation frame,
however different fromthose above, was proposed in [16] fora
single-phase application. As mentioned earlier, based on the d-
q theory, the three-phase system was developed, where the
concept of orthogonal imaginary circuit was used. The main
idea is to obtain two variables, the real one (measured voltage
or current) and an imaginary one, with equal characteristics but

Real signal (alpha component)

(a) (b)
Fig. 3. a) Real and imaginary signals; b) affto rotating d-q reference frame
transformation.

shifted 1/4 of the period of the real one. In this way, the
measured signal is o component and the delayed signal is £
component. This fact is illustrated in Fig. 3 a) and b). Shoot-
through control strategy is different as well. Dy is regulated
depending on the d and q components of the reference voltage
(Vdret and Vg ref). The sketch of the grid side control shown in
Fig. 4 a) is slightly modified as compared to that in [16].

According to this scheme, the control of active and reactive
powers is carried out by two integral (I) regulators, which
operate in a coupled way. Control action derived from the q
current component error (lgref-lq) acts over the d and g
component of the inverter reference voltage (Vg ret and Vg rer). It
means that this | controller adjusts the amplitude of the
reference signal. Control action derived from the d current
component error (lgrer-lg) acts just over the g component Vi ref,
adjusting the phase of the inverter reference voltage. This
reasoning is derived from the well known electrical
relationships (between P-¢ and Q-V). In addition, feedforward
loops from the grid voltage are included to smooth the
connection ofthe inverter to the grid, which avoids undesirable
transients. Finally, as the d-q frame has the same frequency as
the grid frequency, and the d axis is aligned with the grid
voltage vector, the g component of the grid voltage will be zero
[25].

When Vg ref and Vg ref are determined, the minimum value of
the required DC-link voltage can be calculated. This reference
value (Vcrer) is compared with the measured DC-Link voltage
(V¢) to activate or not to activate the Dsyer, depending on
whether the boosting voltage is needed or not, respectively.
Shoot-through duty cycle is adjusted by the third | controller.
Finally, the scaled reference signal as an input for the
Sinusoidal Pulse Width Modulation (SPWM) block [19]-[25] is
obtained:

1-D, V,
v :( S, ref ) ref ) (2)

control
VC

Fig. 4b) shows a variant of the previous operation strategy
by decoupling the active and reactive power control loops. In
this proposal, control actions from (lg ref-lq) and from (lg ret-lq)
are added to the Vggrig and Vggrig feedforward loops
respectively, to generate the inverter reference signal. This
approach is based on the following equations:

P=V,l,, 6

Q=-Y,l,. @



DC-link voltage control is exactly the same as in the
previous case. Fig. 4 ¢) depicts a modification of the control
strategy for the DC-link voltage control.

measurements
—_—

Switching
signals

Decoupled power
control loops

Switching
Vo, gria signals

DC-link voltage
control decoupled Ve
from power control

i
I
|
]

Switching
Vo grid signals

(©)
Fig. 4. Proposed control schemes: a) coupled power control loops and
coupled DC-link voltage control; b) decoupled power control loops; ¢)
decoupled DC-link voltage control.

In this case, this control loop is independent of the power
controllers, and the DC-link voltage reference is given by a
predefined value. In our case, this value (V¢ye) is fixed at 350
V to assure the control of the injected current into the single-
phase grid.

III. SIMULATION STUDY AND TRANSIENT RESPONSES

To wvalidate and compare the three different control
strategies described in section II, a comprehensive simulation
study was performed in the PSCAD/EMTDC tool. The values
of the passive elements of the qZ network and the output filter
of the single-phase 3L-NPC qZSI were calculated according to
the guidelines in [19] and [26].

The parameters for the PI controller were obtained similarly
to [27] using the Ziegler-Nichols method based on the response
curve [28]. All the different values and parameters used during
the simulations are shown in Table 1. As can be seen, the
values of the PI controller are the same for all the proposed
control schemes. The reason is in the same control object that
mainly defines the dynamic behavior of the overall system.

As the main goal of this work is to analyze the system
responses in dynamic conditions, different events were

programmed. From the off-grid situation, the inverter is
connected to the grid at second 0.2. Then, steps in lgrerand I et
are implemented at seconds 0.5 and 1.2 respectively, in order to
inject active and reactive power (2 A). Finally, the input
voltage is suddenly reduced with a step as well, from 365 Vto
295 V, because the boundary between the buck and the boost
working mode is around 325 V (peak value of the grid
voltage). With all these events it is possible to analyze all the
control loops based on integral controllers.

TABLE I
VALUES FOR SIMULATION STUDY

Simulation values
Type -
Parameter Unit Value
3 Inductors Ly,..., Ls (mH) 0.29
1 =< n
z _§ 3 Capacitor C;,Cy (mF) 4
& 31;': Capacitor C;,Cs (mF) 1.3
£ Series resistance of L; (Ohm) 0.05
Output filter Inductor Lt (mF) 22
Grid Series resistance and
impedance inductance (Rgand Lg) © | (mh) | 0.05 15
Electrical Input voltage Viy V) 365
values Grid RMS voltage Vg V) 230
Power Time constant for lg (s) 0.05
g:c?‘tcrrzlieg Time constant for lq (s) 0.05
Power Time constant for lg (s) 0.05
trollers -
f:cr]{.;zl:;; Time constant for lq (s) 0.05
Power Time constant for lg (s) 0.05
controllers -
(scheme ¢) Time constant for lq (s) 0.05
DC-link
controller Time constant for V¢ (s) 0.08
(scheme a)
DC-link
controller Time constant for V¢ (s) 0.08
(scheme b)
DC-link
controller Time constant for V¢ (s) 0.065
(scheme ¢)
Simulation Switching frequency (kHz) 50
parameters Simulation step (us) 0.25

Different responsesunderdescribed conditions are depicted
in Fig. 5 a), b) and ¢). Fromtop to bottom, the evolution of the
grid injected currents (lq and |y components) for each control
strategy is revealed.

Fig. 6 shows the evolution of different inverter parameters
during the full simulation time. In a) the input voltage (green
line) is represented, which is common in any developed
simulation, allowing comparison under equal conditions.
Capacitor voltage (V) is represented in the same picture (red
line). Evolution of the shoot-through duty cycle is presented in
b), and, ¢) and d) show the output voltages (Vap) before filtering
when Dy is zero and maximum, respectively.

Fig. 6 illustrates the control strategy presented in 4 b). For
the other control schemes (Fig. a) and c)), waveforms are quite
similar.



IV. COMPARISON AND DISCUSSION

Starting from the first event (inverter is connected to the
grid), one can observe that it is produced at second 0.2. For
each operation strategy, this process is really smooth (Fig. 5 a),
b) and c)), mainly derived from the aforementioned grid
voltage feedforward loops and well-tuned integral controllers
(by means of the trial and error method). Those facts avoid
undesirable transient currents on the inverter trip. From0.2 to
0.4 s, the inverter is considered to be in a floating situation for
all cases (P=0 and Q=0).
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At second 1.2 a new reference step is programmed in I ref
(from 0 to -2 A). The new reference is tracked properly again
in all cases but, for the first control strategy, it presents a
coupling in the power loops. It is due to the control action over
lg error added to both components of the reference inverter
voltage, in order to increase the modulation index of Vyef. This
coupling is not presented for schemes b) and c¢), where merely
one inverter component is affected by the current error.

Finally, at second 2.5 a perturbation in the input voltage
(step from 365 V to 295 V) is applied. It will force the
converter to change from the buck to the boost mode. In the
case of the first control strategy, longer transients both to lgand
to lgare observed before reaching again the steady state in both
components. This undesired situation happens because the DC-
link voltage control and power control loops are strongly
coupled, therefore their influence is high. This transient is
shorter in Fig. 5b) and ¢) because of a lower coupling between
the power control loops and between those ones and DC-link
voltage control loop. In addition, a smaller ripple in lq and Iy
current components is observed in Fig. 5b) and c) than in Fig.
5 a) at the end of the simulated time, which is also connected
with the coupling between the control loops.

A quantitative comparison for each response presented in
Table II is based on different parameters, such as rise time,
overshoot, settling time, transient duration and steady state
error. It will help to understand the previous discussion better.

Fig. 6 a) shows the input voltage (green line) and the
capacitor voltage (red line) in the case of the control strategy in
Fig. 4 b). When the input voltage step is applied, the converter
changes from the buck to the boost mode and in this last
situation, the capacitor voltage acquires the minimum required
value to assure the desired active and reactive power. This
situation also happens with the first control scheme but not
with the last one, where a predefined Ve is given and
obviously it will be greater than in the other controls.

TABLE II
RESPONSE PARAMETERS
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Fig.5. Responses of the system under programmed conditions: a) first control
scheme; b) Second control scheme; ¢) third control scheme.
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At second 0.4, a step in lgrer is applied (From 0 A to 2 A)
and this new reference is tracked with high accuracy by any
control strategy (green lines in Fig. 5). In addition, it is possible
to see that the influence on the I component is negligible (red
lines). It is produced because the control actions in the direct
component of the current act in one component of the inverter
reference voltage.

Rise time s 0.357 0.353 0.63
Overshoot % 0 0 0
Settling time s 0.6 0.581 1.271
Steady state A 0 0 0

error
Main features: 1) Strong coupling between power [oops and between
DC-link and power loops. 2) MinimumDC-link voltage.
Rise time s 0.346 0.342 0.6
Overshoot Y% 0 0 0
Settling time B 0.5918 0.571 0.5
Steady state A 0 0 0
crror

1) Insignificant coupling between power loops and strong between
DC-link and power loops. 2) MinimumDC-link voltage.

(frigure a)

Control scheme

Control scheme
(figure b)

o Rise time s 0.346 0.342 0.05

E Overshoot % 0 0 0

2 _ Settling time s 0.5918 0.571 0.75
B)

S o Steady state A 0 0 0

= a] €rror

8 5 1) Insignificant coupling between power loops and strong between

DC-link and power loops. 2) Not minimum DC-link voltage.
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Fig. 6. Different magnitudes obtained with the second control scheme: a) input voltage (green line) and capacitor voltage (red line); b) shoot-through duty cycle;
c) output voltage without shoot-through states; d) output voltage with shoot-through states.

The shoot-through duty cycle shown in Fig. 6 b) produces
the aforementioned capacitor voltage evolution. The output
inverter voltage under the shoot-through states illustrated in
Fig. 6 d) (boost mode) is compared to that with the inverter
working in the buck mode (Fig. 6 ¢). According to Fig. 6 a) and
d), the maximum value of Vab is larger than that of Ve during
the boost operation, since Vc matches with the average value
of'the DC-link voltage.

V.  CONCLUSIONS

Different operation strategies for a single-phase 3L NPC
qZS inverter for grid-connected applications have been
proposed and compared in this paper. The control scheme
shown in Fig. 4 a) demonstrates a strong coupling between its
power control loops and between the DC-link voltage control
loop. However, it works with a minimum value. Then,
decoupled power control loops with a better dynamic response
and the minimum value maintenance of the DC-link voltage
were considered. Finally, in the last scheme, the DC-link
control loop was found independent ofthe power controlloops,
in spite of the increasing the DC-link voltage level. All the
control systems were tested in simulation under different
dynamic conditions. Further research will focus on the
converterand its control systems during transient events in the
main grid and on the experimental validation of the ideas and
conclusions derived fromthis work.
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Abstract—This paper proposes a new operation strategy for a
three-phase inverter based on impedance-source network in grid
connected applications as well as an indirect control method of
the dc-link voltage. The strategy is based on a d-q synchronous
reference frame and it is mainly intended for photovoltaic
applications at high switching frequency. Both control systems
are explained in detail and the problems and influences between
them are also described. The strategy and the indirect control
method of the dc-link voltage are validated and discussed by
PSCAD/EMTDC simulations with a three-phase three-level
neutral-point-clamped quasi-impedance-source inverter.

Keywords—power electronic converters; power control;
distributed power generation; power system simulation;
photovoltaic systems; pulse width modulation converters.

L. INTRODUCTION

Lack of conventional energy sources and concern about
environmental pollution have produced a fast rise in the
number of inverter-based Distributed Generators (DGs)
connected to the low-voltage distribution network [1]. Many
of them interact with Renewable Energy Sources (RESs), such
us Photovoltaic (PV) modules [2] and wind turbines [3], and
are presented in any Energy Storage System (ESS) [4]. Fig. 1
shows an electrical representation of the fact mentioned.

Industry and research are aiming at cost reductions and
enhanced performance of the energy conversion process, with
a focus on the inverter topologies. Attention is on PV
inverters, which are traditionally characterized by two-stage
converters composed by a dc-dc boost converter and the
Voltage Source Inverter (VSI) [S] or the Current Source
Inverter (CSI). New  impedance-source network based
topologies [6] provide a single-stage conversion, which allows
the following: voltage boost/buck, extended range of
operation, low cost and high efficiency, strong
electromagnetic immunity, no need for dead time, minimum
number of semiconductor devices, improved reliability and
performance, and short-circuit protection among other
advantages. On the other hand, the relatively youth of those Z-
Source Inverters (ZSIs) makes the design of their control stage
complex[7] where basically must coexist an operation strategy
of the inverter, a dc-link voltage control method and special
modulation techniques to embed the shoot-through states.

For the first key element, it is possible to design an
operation strategy based on the traditional approaches,

978-1-4799-9978-1/15/$31.00 ©2015 European Union

depending on the applications (PV inverters [8], DG, vehicle
to grid (V2G) [9], excitation field for synchronous machines
[10], ESS [I11], uninterruptible power supply and active
filtering among others). To distinguish grid-connected PV
applications, operation strategies based on the d-q
synchronous reference frame seems to be the most popular

[81-[12].

In the second aspect, previous works divide the dc-link
voltage control (or shoot-through duty cycle (Ds) regulation)
into direct or indirect control [13], depending on whether the
dc-link voltage is sensed or not, respectively (see Figs. 2a and
2b). Finally, special modulation techniques have been
proposed to deal with classical switching states along with
shoot-through states. A detailed comparison and a review are
provided in [14].

The complexity of control design lies in the

interdependence of the aforementioned elements and the
control parameters. A change in one parameter influences the
other ones and vice versa [7].
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Fig. 1. DG interfaced converter connected to the distribution network.
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Fig. 2. Controls of dc-link voltage. a) Indirect method. b) Direct method.



This paper presents a novel operation strategy to inject the
desired active (P) and reactive power (Q) by a three-phase ZSI
in the grid-connected mode with an indirect control of the dc-
link voltage. As the studied application is devoted to the PV,
the control system has been validated by simulation in a three-
phase Three-Level Neutral-Point-Clamped Quasi-Z-Source
Inverter (3L NPC qZSI) [15]. The Quasi-Z-Source (qZS)
network works with continuous input current (from PV
modules). At the same time it has an advantage of using a
multilevel inverter bridge [16].

Section II contains a description of the proposed strategy
along with the indirect control of the dc-link voltage. Section
III describes the simulation study and the results obtained. In
the final part, conclusions, future challenges and problems to
be solved are emphasized.

II.  PROPOSED OPERATION STRATEGY WITH SHOOT-
THROUGH INDIRECT CONTROL METHOD

As it was previously cited, inverter operation strategies for
Z-source topologies can be derived from the traditional
approaches for conventional topologies.

In the same way, P and Q can be controlled by using the d-
q theory [8]-[12] to generate the reference signals of the
manipulated variables. Grid voltages and currents (Vgrig (a,b,C)
and 1,44 (a,0,C)) are sensed and converted into dc d-q values by
means of Clarke and Park transformations. If the d-q frame
has the same frequency as Vgrig (a,b,C) and the d axis is aligned
with the grid vector voltage, the g voltage component will be
zero [17]. Operating in this way, the expressed variables in
abc are transformed in:

i4§|rid = Id,grld + jlq.grld 2 (1)
Viny =V jny + jvq,inv and ()
Vgrid :Vd_gvid . (&)

To make those transformations, a Phase-Locked-Loop
(PLL) or a synchronization method is required [18]. In
addition, P and Q are expressed as [19]:

‘Q‘g)‘ Sm

(9)
‘ 4£ 1 Qmax
A /
Capacitive
No applicable
in PV applications > *
without ESS e Q
Inductive
Q)
H . \/ ‘ 'Qmax
P P*(from MPPT) p(9)
F,ma>< i Pmax
Storage Generation

Fig. 3. Power operation regions for PV inverters.

In grid-connected PV applications, reference active power
(P") is usually given by a Maximum Power Point Tracker
(MPPT) (Fig. 3). On the other hand, reference reactive power
(Q) must be limited by the rated current of the
semiconductors according to the highlighted equation of Fig.
3. Two PI controllers are involved to track P* and Q" by acting
over the manipulated variables (V*d‘ref and V*q‘,ef , respectively)
to produce the desired voltage signals (using back Clarke and
Park transformations). Finally, a Vy,gig feedforward loop is
added to make easier the synchronization process. Some
studies report a PQ decoupling control [12].

This approach was neglected for the reasons shown in the
case of study in the next section. Full operation strategy can be
followed on the block diagram of Fig. 4.

Once the desired voltage signals to control the power are
obtained, it is easy to determine the minimum required value
of the dc-link voltage. Therefore, it is hard to sense such
voltage in experimental applications (shoot-through states
produce a square waveform), V; (it is a constant waveform) is
commonly used to control the dc-link voltage (called as
indirect voltage control). Both waveforms are depicted in Figs.
5a and 5h, respectively. Disadvantages of this approach are
that peak dc-link voltage is uncontrollable and the dynamic
response produced in the system is deteriorated [13].

Ds control method Vg

P =V, gria lagria (4)
Q ="V grialggria - (5)
Power operation strategy
Vgria (@,0,C) abi V4, grid
4 ? dg \/q_g,g =

2sqrt(2)
sqrt (3)

| SArt(Vaing
> +Vq*,|n3)

L3 grid

ab

Igria (&,b,C) af Lo
———p dq |[ta.grid

Vig, ¥

Fig. 4. Power operation strategy and the proposed shoot-through control method.
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Fig. 5. Waveforms in the dc-link voltage control. a) Direct method (square
wave due to the shoot-through states). b) Indirect method.

By direct and quadrature inverter reference voltages
derived from the power control loops, V', with the procedure
in Fig. 4 can be composed. Finally, a third PI-based on the
control loop is intended to manipulate D, which assures the
required de-link voltage by boosting (if it is necessary) Vin.

III.  SIMULATION STUDY

To validate the explained operation strategy along the
indirect dc-link voltage control, a simulation study based on
PSCAD/EMTDC was performed. All the details of the study
are explained in this section.

The chosen topology is a three-phase 3L NPC qZSI based
on two symmetrical qZS networks [15]-[20]. Besides the
advantages inherited from ZSIs, the qZSIs have such merits as
continuous input current and a common dc rail between the
source and the inverter bridge. Therefore, ZSIs suit very well
for RESs, in particular for PV systems. Moreover, due to this
inverter bridge, the power source can be single or separated by
means of the neutral point, which allows different PV module
series-parallel associations. Finally, the multilevel branches
will have lower voltage stress on the semiconductors and fast
MOSFETs can be used, which leads to high switching
frequency and higher power density [20]. The latter reasons
are connected with future experimental set-ups. The schematic
of this full topology is depicted in Fig. 6.

To generate the switching signals (active states, zero states
and shoot-through states) an Alternative Phase Opposition
Disposition (APOD) Pulse Width Modulation (PWM) scheme
[21] was used in these simulations. Three modulating waves
(Ref,s, Ref,, and Ref,c) and two modified references (MR, and
MR;) are compared with two vertically disposed, 180 ° phase-
shifted carriers in order to obtain the different states of each
switch (T) in each branch (a, b and c). Fig. 7 a) depicts the
sketch of this modulation technique using a frequency
modulation index (m;) equal to 21 and Fig. 7 b) shows the
details in a certain switching period.

Values of passive elements of the qZ network were
calculated according to the guidelines provided in [22], which
are based on different criteria. The methodology proposed in
[23] for dimensioning the LCL output filter was also used.

All the parameters and used values in the simulation study
are summarized in Table 1.
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Fig. 6. Schematic circuit of a grid-connected multilevel gZ source inverter in
a PV application.
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Fig. 7. APOD modulation scheme. a) General arrangement of references and
carriers. b) Details in a certain switching period.

To tune the three PI controllers, an empirical method by
observing the stability of the system responses was used. The
two power closed control loops were adjusted to obtain fast
responses of the manipulated variables (V*d,m and V*q,[ef)
without errors in the steady state regarding to the references
powers.

Different treatment had the PI controller dedicated to the
Dc-link voltage control by acting on the Ds (manipulated
variable as well). If D varies, the peak dc-link voltage also
changes and would become uncontrollable [13]. In addition,
these effects are transferred into the output ac side, which
distorts the output voltage and increases the voltage stress
across the semiconductors. Finally, changes in D also have
influence on the output power. Hence, power controllers are
also affected. If the response times of power controllers and
the dec-link voltage controller are similar, the interaction



between them is really significant and the system responses

become unstable,

as shown

in Fig. 8. Due

to the

aforementioned reasons, the tuning procedure of PI controllers
is exhibited as a critical task.

TABLE I
VALUES USED FOR SIMULATION STUDY
Parameter Unit Value
Inductors Ly,..., Ls (mH) 0.9
Capacitors Cy,..., Cs (1F) 200
LCL output filter (mH) [ (uF) | (mH) | 12 | 0.11 [ 0.5
Grid RMS voltage V) 230
Input voltage V) 600-771
Kp of controllers (for a4 04 s
I, I and Dy) 1-10 110 1-10
1, of controllers (for lg, i 04
I and D.) () 510 | 510 0.5
Switching frequency (kHz) 100
Simulation step (ps) 0.2
Lo
z
224
22
o O 2
22
20
0 0.2 0.4 0.6 0.8 1 1.2
Time (s)

Fig. 8. P and Q responses when the dc-link control loop has fast parameters

in its controllers.
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A. No Shoot-Through Simulation Results

Fig. 9 represents the different main waveforms when the
input voltage is 771 V. Therefore, no D, regulation is
necessary (inverter works in the buck mode). The test consists
of different power reference steps. Grid connection is
produced in 0.1 s (no transient or overcurrent is produced due
to the Vygrig feedforward loop), with zero active and reactive
power references. Active power reference is changed from 1.5
to 3 and to 5 kW in seconds 0.4, 0.6 and 0.8 s respectively,
and the reactive power reference to 1 kVAr in second 1. As
can be observed in Fig. 9a, the system tracks those references
fast and with accuracy. An important aspect is that the
influence between P and Q is practically negligible despite the
fact that the decoupling method was not used. It is due to the
low values of the passive elements of LCL output filter caused
by the high switching frequency and the approach described in
[23].

Fig. 9b shows the steady state waveforms of Vg g (a,b,C)
and igrig (a,b,C). Distortion of Vgrig (a,b,C) is related to the low
short-circuit power grid with high impedance.

Fig. 9¢ depicts the waveforms of the input side and it is
shown that the input current (lj,) is in continuous mode and Vi,
and V, have the same value. Finally, in Fig. 9d the inverter
voltages (Viny (8,b,c) ) are shown where shoot-through states
are absent.

B. Simulation Results With Shoot-Through

Fig. 10 shows the main waveforms when the input voltage
is lower and the shoot-through control loop is acting. The test
is the same as in the previous case.
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Fig. 9. Main waveforms without shoot-through operation. a) P and Q responses under different reference values. b) Steady waveforms of Vyig and igiq. ¢) Steady
waveforms of lin, Vin and Ve (no boost is seen). d) Steady waveforms of Vin, (without shoot-through switching states).
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Fig. 10a shows that the references of P and Q are properly
tracked and no influence exists between the control loops. The
distortion of Vgrig (&,b,c) manifested in Fig. 10b is higher as
we anticipated in the first section due to the shoot-through
changes. By controlling V, (indirect control), the effect of dc-
link voltage is transferred into the output ac side (Fig. 10d).

Fig. 10c depicts the waveforms of the input side, where
the input current (liy) is in continuous mode again and V is
boosted in comparison with Vj,. Finally, in Fig. 10d the
inverter voltages (Vin, (a,b,c) ) are shown in the presence of
shoot-through states.

Fig. 11 represents the evolution of Ds during the whole
simulation time. As mentioned above, this control loop was
tuned looking for a slower response and in this way, small
fluctuations were obtained in the steady state.

Ds (puv)

0.0:

00 0.2

0.4 0.6 0.8 1
Time (s)

Fig. 11. Shoot-through duty cycle.

C. Transient Responses When V;, Changes

One of the most significant advantages of the inverter
based impedance-source networks is the wide input operation
range. Fast changes in the input voltage are common in the PV
applications due to the fast changes in the irradiance
conditions.

Here P and Q responses during a Vi, step are analyzed.
This voltage changes from 770 V to 500 V in the 1.2s
moment of time and the power responses are depicted in Fig.
12. Tt is possible to verify that in less than five fundamental
periods the system tracks the references thanks to the
regulation of shoot-through states (inverter changes suddenly
from buck to boost mode).
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IV. CONCLUSIONS

This paper has presented a new operation strategy based on
the d-q theory with an indirect de-link voltage control for grid-
connected three-phase inverter based on the impedance source
network.

Due to the recently proposed topologies, the control
system has many key aspects to be analyzed carefully. On the
one hand, these include the effects of the indirect control
method of the dc-link voltage in the grid-connected ac side
(quality, stability, dynamic responses, etc.) and their
influences on the other variables of the system, such as P and
Q and its control parameters. The tuning of PI controllers is a
critical task. Small changes in D produce considerable voltage
changes in the dc-link, so those must be enclosed. In this
study, large time constants for a PI controller devoted to Ds
regulation were chosen to solve this problem.

Other key aspects to be dealt with are the proper operation
of experimental set-ups at high switching frequency
applications. Hardware limitations, PV dynamic response and
the MPPT algorithm increase the complexity of the control
system design. The latter aspects will be analyzed in the future
studies.
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Abstract—In our effort to take advantage of a distributed
location of a grid-connected photovoltaic inverter, focus is on
active filtering capabilities for a grid-connected three-phase
three-branch three-level neutral-point-clamped quasi impedance
source inverter. An operation strategy derived from the classical
p-q theory and a tracking techmique for such topology are
detailed. Different scenarios are considered with non-linear
loads, to validate the proposed ideas and control systems. Our
results from the PSCAD/EMTDC simulation tool show that the
whole system performs well.

Keywords—pulse width modulation inverters; photovoltaic
systems; PSCAD; power system control; distributed power
generation; power conditioning

I INTRODUCTION

Low voltage electrical distribution systems worldwide
have increased their number of grid-connected power
electronic converters. For instance, by the end of 2013, the
installed capacity of solar photovoltaic (PV) power generation
reached 139 GW. For a long time, the main design objective
of a PV inverter has been to extract the maximum power from
the PV array and inject it into the main grid with a unitary
power factor as the control reference [1]. New trends and
policies for PV plants have proposed or obliged [2] to
accomplish other functionalities. In this way, PV inverters
would be able to contribute to the local voltage support,
improve the power quality and give rise to flexibility and
security of supply. Some of those demands cover power flow
control [3], voltage level restoration at the point of common
coupling (PCC) [4]-[5], active filtering capabilities [6],
integration ~with energy storage systems [7], and
communication compatibilities. Thus, smartgrid and microgrid
[8] configurations can be a reality.

Concurrently, innovative ideas in terms of inverter
circuitries have emerged. Some of them seem quite suitable
for PV applications because they can step up the DC input
voltage in a single power conversion stage by means of the
shoot-through switching states, known as a Z-Source inverter
and its derivations [9]-[11]. Furthermore, ZSI family has been
integrated with multilevel bridges to acquire their intrinsic
advantages [12].

978-1-4799-6300-3/15/$31.00 ©2015 IEEE

Finally, it is well known that power electronic devices are
widely used in industrial, commercial and domestic
applications. All of them demand non-sinusoidal current and
reactive power from the source, which causes voltage
distortion at the PCC and affects users connected to the same
one (Fig. 1 represents that cause-effect relationship). Shunt
active power filters (APFs) [13] are a possible technical
solution to deal with such problems. By using proper closed
loop control strategies to generate the reference currents, they
can supply the reactive power and harmonic contents
demanded by the load.

Distribution system
Ttis not ideal and presents
an interconnection
impedance |

The pollution process of current harmonics:
1. User 1 demands current harmonics
2. Those harmonic currents produce harmonic drop voltages
when they pass across the grid impedance
3. The harmonic drop voltages give rise to the voltage at the
PCC is not sinusoidal and it presents harmonics
4. User 2 connected to the same PCC as user 1, has a non
sinusoidal supply voltage
5. User 2 is sensitive to these harmonics

Fig. 1. Voltage distortion process caused by harmonic loads.

As mentioned above, the current low voltage electrical
systems include many distributed PV inverters, which can take
advantage of this distributed location to supply the non-linear
loads connected to the PCC, improving the grid voltage
quality in a certain way. Thus, this study explores the abilities
of a 3-phase 3-level neutral-point-clamped quasi impedance
source inverter (3L NPC qZSI) when it is working as an APF
and a non-linear load is connected at the same PCC (schematic
of the studied case is depicted in Fig.2). The topology is
mainly characterized by single stage energy conversion with
boost function, by the inclusion of shoot-through states.
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Inverter

iL0ad (a,b,¢)

|
478 Network
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rectifier

Fig. 2. Schematic of the studied case.

Hence, this control loop must be taken into account. Section 2
explains the control strategy and tracking technique for the 3L
NPC qZSI, dealing with harmonic cancellation and reactive
power compensation. Section 3 shows the simulation results
under different test conditions in order to validate the
proposed solution.

II. OPERATION STRATEGY AND TRACKING TECHNIQUE FOR 3L
NPC QZSI ACTING AS APF

Traditional control strategies for shunt APFs generate the
reference current that must be provided to compensate reactive
power and harmonic currents demanded by the load. This
involves a set of currents in the phase domain, which will be
tracked, generating the proper switching signals for the
electronic converter, by means of the appropriate closed loop
switching control technique such as hysteresis or dead-beat
control. Four control strategies that stand out in the literature
are: p-q method [14], is-i, method [15], unitary power factor,
and perfect harmonic cancellation [16].

For our case of study and as the main goal is to analyze the
ability of this PV converter to develop reactive power
compensation and harmonic cancellation tasks, just are
necessaries to use three branches of the inverter. The strategy
is derived from the p-¢ theory approach, combined with the
DC-Link voltage control loop. The operation is explained
below in the scheme in Fig. 3.

Reference current of the 3L NPC qZSI (ipy,.r (a,b,c)) is
composed by the active power from the PV maximum power
point tracker algorithm (MPPT), reactive power (g(z)) and
non-active power (p(z)- p(t)) demanded by the load. Those
last two terms are obtained as follows: once Vg (a,b,c) and
iroad (@,b,c) have been sensed, they are transformed into a-f
quantities (Clarke transformation) in order to calculate the
instantaneous real power (p(?)) and the instantaneous reactive
power (q(?)) as:

(M
@

PO =Vt loata ¥ Varia p iroaa p

9O =Vt lroats = Veria p Froad .-
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Ipv(a,b,c)

Inverse inverter

instantaneous %
DC.ref,
Vix ; Integral

power
controler

Instantaneous
load power

calculations .
calculations

Fig. 3. Block diagram of the proposed control strategy.

After filtering p(?), just AC component (non-active power)
of p(t) is left. Subsequently, it is easy to obtain a-f quantities
of iy er (@,b,¢) to finally turn them into phase domain currents
with inverse Clarke transformation. Operating in this way,
sinusoidal current in phase with the grid voltage will be
required from the distribution grid.

DC-Link voltage control loop is built with one integral
controller, which adjusts the shoot-through duty cycle (D)
depending on the error between a predefined value for the DC-
link voltage (Vp¢ ) and the sensed DC-Link voltage (Vpc)
(known as indirect DC-Link control method [17]). If an error
is positive, boost mode is presented in the converter.

In order to track iy, ., (a,b,c), a proportional controller was
performed to limit the maximum current ripple. The error
between the reference and the sensed currents is scaled with
the assumed ripple. After that, it is needed to limit such value
in order to take into account the possibility of including D, due
to the next constraint (implementation sketch is depicted in
Fig. 4):

M<1-D.. 3)
Tpv.ref 1-D.
(a,b,c) '
D Ai o (X Duty cycle
i (@,b,c) . g
A imax
Proportional
controller

Fig. 4. Block diagram of duty cycles generation.

The values obtained after that procedure are considered as
duty cycles to be applied by the 3L NPC qZSI. To generate the
switching signal pattern (active states, zero states and shoot-
through states), an Alternative Phase Opposition Disposition
(APOD) Pulse Width Modulation (PWM) scheme was used in
our simulations. Three modulating waves (Duty ,, Duty, and
Duty ., obtained from the block diagram of Fig. 4) and two
modified references (MR; and MR;) are compared with two
vertically disposed 180° phase-shifted carriers in order to
obtain the different states of each switch (T) in each branch (a,
b and c) by direct comparisons between signals or their
complementary states. Details of this modulation approach are
provided in [18]. Fig. 7 a) depicts the sketch of this
modulation technique using a frequency modulation index ()
equal to 21 and Fig. 7 b) shows the details in a certain
switching period.
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Fig. 5. Switching signal generations (normal states and shoot-through states).

II1.

To validate the proposed strategy and demonstrate the
ability of the 3L NPC qZSI to deal with active filtering
functions, a simulation study in PSCADIEMTDC is explained
in this section. The main scenario is depicted in Fig. 2 and
different conditions were selected to analyze the system
performance. They can be summarized as follows:

e No compensations.

e Reactive power and harmonic content (demanded by
the load) compensation. It is assumed that Pypp is
equal to zero.

e Reactive power, harmonic content compensation and
Pypp is equal to the fundamental active power
demanded by the load.

e Reactive power, harmonic content compensation and
Pypp is larger than the fundamental active power
demanded from the load.

The parameters used in the simulation study are presented
in Table I. Values of the passive elements of the qZ network
and the output filter were calculated according to guidelines in

[107-[20].

SIMULATION RESULTS

111 Lo Compelsatiol's

In this case the inverter is disabled and the current that
flows to the nonlinear load (iz... (a,b,c)) is supplied by the
electrical grid. As a result, the voltage at the PCC would be
distorted, depending on the grid impedance. Main waveforms
of that situation are shown in Fig. 6 a) and b).

LI Reactive Poller ald Uarmolic Coltelt Compelsatio 1]

MPP [qualto [ero

In this situation the converter will compensate the reactive
power and the non-active power demanded by the load. The
fundamental active power (;(t) ) will be provided by the
electrical grid. Current waveforms of the inverter (ipy (a,b,¢))
and grid currents (ig;4 (a,b,c)) are depicted in Fig. 7 a) and b).
Obviously, the demanded current from the load (i1pus (a,b,¢))
is equal as in Fig. 6 a).
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Fig. 6. a) Demanded current by the load (izoas (a.b,¢)). b) Current from the
grid (igia (a,b,c)). Brown, black and grey represent phases a, b and c,

respectively.
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TABLE I
VALUES USED FOR OUR SIMULATION STUDY
Parameter Unit Value
Inductors L;,[1, L (mH) 0.00
Capacitors C;,, C (1F) 200
LCL output filter (mH) | (uF) ‘ mH) | 12 ‘ 0.11 | 0.5
Grid RMS voltage W) 230
Input voltage V) 525
Maximum power point (kW) 5
gafms;‘r'zl‘:fg;)f (mH) ‘ (uF) ‘ ©@ | 075 | 360 ‘ 145.8
Maximum i,, ripple 5
(Dina)
Switching frequency (kHz) 100
Simulation step (°s) 0.2
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Now, the power at the MPP in the PV side has been
adjusted to the same value as the fundamental active power

demanded by the load. Thus, the result is that i,y (a,b,c)

would be equal to zero. Waveform of ipy (a,b,¢) is depicted in

Fig. 8, which matches the shape and the value of i;,., (a,b,¢)

(Fig. 4. a). The quality of the voltage at the PCC is not

affected because of the non-linear load connection, as in the

previous case.
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Fig. 7. a) Injected current by the inverter (ipy (a,b,c)) current with non-active

and reactive power compensation. b) Current provided by the grid (igis
(a,b,c)) equal to the fundamental load active power.
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0.175 0.18 0.185 0.1 0.1(5 0.2
Time (s)

Fig. 8. Injected current by the inverter (ipy (a,b,c)) with non-active, reactive

power compensation and fundamental active power equal to the load power.
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In this last situation, the power of the PV array at the MPP
is larger than the fundamental active power, the power that the
load is demanding. The excess of this active power is injected
into the grid[Thence, a sinusoidal current in phase with the
voltage at the PCC is flowing into this. Waveforms of ipy
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(a,b,c) and iyq (a,b,c)
respectively.

Fig. 10 a), b) and c) show other relevant waveforms in this
situation: input current into the qZ network, DC-link voltage
and voltage between the middle point of branch A and the
ground. Fig. 10 a) shows that the input current is in continuous
mode. Fig. 10 b) and c) reveal that the converter is working in
boost mode, because both voltages drop uniformly to zero
during the whole fundamental period because of the insertion
of shoot-through states.

are depicted in Fig. [1 a) and b),
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(a)

-1
016 0.165 0.17

Igrid (A)

| I
0.175 0.18
Time (s)
(b)
Fig. 1 a) ipy (a,b,c) with non-active, reactive power compensation and MPP
power larger than power demanded by the load. b) iy (a,b,¢) that flows to the
grid.
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Fig. 10. a) Input current’b) DC-Link voltage(c) voltage between the middle
point of branch A and the ground.
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IV.  CONCLUSIONS

An operation strategy with its tracking technique for a
three-phase 3L NPC qZS inverter has been proposed and
validated by means of simulation. The core idea is to take
advantage of the distributed location of a PV inverter to
compensate harmonic currents and reactive power demands
locally. Obtained results have demonstrated good performance
in different test conditions. Those tests were conducted
simultaneously with the converter boosting the input voltage.
Further research will focus on the experimental validation of
the ideas and conclusions derived from this work.
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