'D Tampere University

RONI LUHTALA

Real-Time ldentification
and Adaptive Control
of Grid-Connected
Three-Phase Inverters

Tampere University Dissertations 350






Tampere University Dissertations 350

RONI LUHTALA

Real-Time Identification and Adaptive Control of
Grid-Connected Three-Phase Inverters

ACADEMIC DISSERTATION
To be presented, with the permission of
the Faculty of Engineering and Natural Sciences
of Tampere University,
for public discussion in the Auditorium K1702
of the Konetalo Building, Korkeakoulunkatu 6, Tampere,
on 27" of November 2020, at 12 o’clock.



ACADEMIC DISSERTATION
Tampere University, Faculty of Engineering and Natural Sciences

Finland

Responsible
supervisor
and Custos

Supervisor

Pre-examiners

Opponents

The originality of this thesis has been checked using the Turnitin OriginalityCheck

service.

Assistant Professor
Tomi Roinila
Tampere University
Finland

Professor

Matti Vilkko
Tampere University
Finland

Associate Professor
Marko Hinkkanen
Aalto University
Finland

Associate Professor
Marko Hinkkanen
Aalto University
Finland

Copyright ©2020 Roni Luhtala

Cover design: Roihu Inc.

ISBN 978-952-03-1784-3 (print)
ISBN 978-952-03-1785-0 (pdf)
ISSN 2489-9860 (print)

ISSN 2490-0028 (pdf)
http://urn.fi/lURN:ISBN:978-952-03-1785-0

PunaMusta Oy — Yliopistopaino

Vantaa 2020

Dr. Tech.

Mauricio Cespedes
Facebook Inc.
USA

Dr. Tech.

Juha Jokipii
Danfoss Drives
Finland



PREFACE

The work was carried out at the Faculty of Engineering and Natural Sciences at Tampere
University between 2017 and 2020. The research was mainly funded by Fortum Founda-
tion and Tampere University. In addition, the personal grants from the Walter Ahlstron
foundation are highly appreciated.

First of all, I wish to express my sincere gratitude to Assistant Professor Tomi Roinila
for supervising my thesis and for providing a great environment to start my career as a re-
searcher. His guidance and support in various general and research-related issues have been
an irreplaceable part of the thesis, from start to finish. T owe special thanks to Dr. Tech. Tuo-
mas Messo for always making the research work as stress-free and comfortable as possible,
and for providing background information on practically everything I know about power
electronics. Without his support and guidance, this thesis might never have been finished or
even started.

Huge thanks to my closest research fellows for all their support during this research work
and for creating a highly enjoyable working atmosphere. I would like to thank M.Sc. Tommi
Reinikka and M.Sc. Jussi Sihvo for all the shared moments and thoughts, especially during
the first years of our research careers. I am also thankful to M.Sc. Henrik Alenius for sharing
the office and, consequently, every research-related difficulty with me during the last few
years. I have really appreciated his advice and help (almost) every time. From outside the
research community, I also want to thank JeeJee N’ That’s It -boys for clearing my mind of
work stress in my free time.

I want to express my deepest gratitude to my parents Sirpa and Vesa for providing me
with a safe and encouraging atmosphere throughout my life. Their support for everything I
do and every choice I make have been the most important thing that have helped me to focus,
for example, on this thesis and also to enjoy my life. I also want to thank my grandparents
- Eeva, Hannu, Matti and Seiyja - for all their life advice and encouraging words throughout
the years. I know that you are or would have been very proud of me and this achievement,
which means a lot to me. Finally, loving thanks to the most beautiful and inspiring human
being, Minna, and our fur baby Rambo for making our home the best place in the world.
Special thanks to Rambo for overflowing sympathy during stressful situations at the home
office and for pleasant outdoor activities. Thank you, Minna, for always being there when

needed and for sharing all the pleasures and difficulties of life with me.

1ii



v



ABSTRACT

Grid-connected inverters are typically applied to integrate renewable energy, such as solar
and wind, to the power system. Therefore, proper operation of the inverters is essential
for efficient utilization of the renewable energy. Rapidly increasing the number of grid-
connected inverters has started to affect power system dynamics and stability, particularly in
areas where the majority of the power is generated through the inverters. One issue studied
is the harmonic resonance between the inverter and the grid.

The stability of the grid-connected system can be evaluated by an impedance-based stabil-
ity analysis, where the system stability is assessed by the ratio between the inverter and the
grid impedances. Previous studies have presented multiple methods for designing the grid-
connected inverter so that the impedance-based stability issues can be avoided under certain
grid conditions. However, the grid impedance usually remains unknown in the inverter de-
sign process and may vary over time; this typically means it is not possible to customize the
inverter to the grid-connection point or ensure the impedance-based stability.

This thesis has presented methods for real-time measurements of the grid-connected sys-
tems. Applying the methods, the grid impedance can be obtained in real time and the
impedance-based stability of the grid-connected system can be assessed under varying grid
conditions. Additionally, the measurements can be utilized to improve the inverter perfor-
mance in the grid-connection point. In this thesis, the grid-connected inverter is configured
to adaptively re-adjust its own control parameters based on the real-time measurements of
the grid conditions. This is shown to effectively avoid the impedance-based stability issues

and to improve the inverter control performance under varying grid conditions.
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1 INTRODUCTION

This chapter provides the background for the thesis and introduces the main objectives and
challenges of the work. It then reviews previous work related to the topic and lists the sci-

entific contributions of the thesis, before presenting the structure of the thesis.

1.1 Background

Growing concerns about the threatening impacts of climate change have led to means of re-
ducing greenhouse gas (GHG) emission receiving extensive attention over the past decade
[1, 2]. To reduce GHG emission in synergy with the sustainable development, action is
required especially in the global energy sector [3], in which the fossil fuels contribute the
majority of primary power sources (84 percent in 2018 [4]). A significant proportion of
these emissions can be reduced by replacing the fossil-fuels based production by GHG-free
renewable-energy sources [5]. This has been widely recognized and acted upon; for example,
the European Union has set a binding target to produce at least 32 percent of final energy
consumption from renewable energy by 2030 [6], and the United Nations’ Intergovernmen-
tal Panel on Climate Change (IPCC) has proposed that such figures reach about 70-85 per-
cent shares by 2050 [2]. During the past decade, photovoltaics (PV) and wind energy have
become price-competitive to fossil-fuel based production [7]. This has accelerated the tran-
sition from fossil-fuel based production to renewables [8] meaning that 63 percent of the
globally installed capacity were renewables in 2018 [7].

Increasing the amount of renewable energy involves several challenges. From the power-
system perspective, renewable energy appears as units that are quite different to the conven-
tional fossil-fuel based power plants. The fossil-fuel based production is most often com-
posed of large and centralized turbines. These turbines produce mechanical power that is
converted to electrical power and supplied to the grid, usually through synchronous gener-
ators [9]. As the synchronous generator interfaces the grid, the magnetic field of the gener-
ator rotor electromechanically couples with the grid voltages and starts rotating at the grid
fundamental frequency. This coupling of the rotating mass (rotor) provides inherent iner-
tia and torque that mitigates multiple undesired events in the power system, such as rapid

frequency changes, small power imbalances, and high-frequency oscillations [10]. How-
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ever, most PV and wind-energy production operates as significantly smaller and distributed
units, the power yields of which depend on the local weather conditions with strong daily
and seasonal variations [11]. Due to highly varying and uncontrollable power yield, the
grid-connecting device must be able to efficiently track and convert the maximum available
power of the source to meet the requirements of the power grid. This necessitates a differ-
ent and much faster reacting device than the synchronous generator in order to facilitate a

grid-connection of the PV and wind-energy production [12].

The distributed renewable-energy sources are most commonly connected to the power
grid through power-electronics inverters. A power-electronics inverter is a purely electronic
device that consists of semiconductor components, and thus does not include mechanics that
typically slow down the dynamics. Due to the purely electronic properties of the inverter,
a fast-reacting control system is allowed to determine the switching pattern of the semicon-
ductor components, which regulates the source power to match the requirements of the load
[13]. This turns the power-electronics inverter into an efficient grid-connecting device for
the PV and wind-energy production, as the fast control system can adapt the inverter oper-
ation to highly varying power from the renewable source to meet the requirements of the
power grid [12].

The power-electronics inverter does not have similar characteristics to the synchronous
generators, such as a magnetic field that inherently couples with the grid voltages and pro-
vides grid-stabilizing properties. Therefore, the inverter switching must be synchronized
with the grid voltages and controlled so that the varying power from the energy source can
be efficiently converted to the grid-compatible power. This requires a control system that is
able to track the maximum power of the energy source and regulate the power yield through
the inverter semiconductor switches into three-phase sinusoidal currents, which are synchro-
nized with the grid voltages. In order to respond rapidly to sudden changes in the operating
conditions and to mitigate distortions from the produced power, the high-bandwidth con-
trollers are most desired [14]. The dynamic properties of the inverter are mostly defined
by the applied control strategy, which usually means they are significantly faster than the
typical dynamics of the devices that mainly consist of mechanical components [15]. Conse-
quently, the inverters are fundamentally different from synchronous generators, which are
mostly defined by the relatively slow dynamics of their rotating mass. Therefore, when the
fossil-fuel-based production is replaced by the renewable energy in the power system, the
number of synchronous generators and their stabilizing properties are reduced [16]. This
reduction affects the power system, which will become increasingly time-dependent, vulner-
able to system deviations, and more prone to stability issues [17].

The conventional power-system stability analysis can be divided to three main categories:
rotor angle stability, frequency stability, and voltage stability [9]. These stability categories
are often limited near to the system fundamental frequency (50 Hz or 60 Hz) and are basically

related to system power flows and ability to maintain the synchronism. However, in most
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power-electronics inverters, the stability analysis becomes much more complex. The reason
for this increased complexity relates to the fact that typical dynamics of the inverter control
system are prone to stability issues, which may appear at significantly higher frequencies than
the system fundamental frequency [18]. These high-frequency stability issues may cause
major challenges for the power system robustness, especially in local areas where high levels
of the instantaneous power are injected through the inverters. In those areas, the inverter
control dynamics dominate and the power system cannot base its operation on the stabilizing
properties of the synchronous generators. This results in increased sensitivity to various
stability issues in a wide frequency range that may compromise the stability of the whole
power system [19]. Thus, the conventional stability analysis is not sufficient for ensuring
the stable performance of the future power system with high levels of power-electronics
devices [20].

Stability Issues of Grid-Connected Inverters

The stability issues of the grid-connected systems are usually related to the dynamic interac-
tions between the power grid and the interfacing device, such as an inverter. Especially, the
grid impedance is an important parameter that significantly affects the stability and control
performance of the grid-connected inverter [21]. A mismatch of the grid impedance and
the inverter output impedance causes undesired interactions between the inverter and the
grid, such as harmonic resonance, which decreases the power quality and may even lead to
unstable operations of the grid-connected systems [18]. Consequently, in some areas, these
dynamic interactions will become one of the main issues limiting the total share of the PV

and wind energy sources connected into the power system [11].

The dynamic interactions between the inverter and the grid can be analyzed by an impe-
dance-based stability analysis [22]. In such an analysis, the stability of the grid-connected
inverter can be assessed by a ratio between the grid impedance and the inverter output
impedance. The grid-connected system will remain stable if the ratio satisfies the Nyquist
stability criterion. Generally, when the grid impedance increases, the stability of the grid
connection decreases and the system becomes more sensitive to small disturbances [20]. As
the inverter dynamics and its output impedance are mainly determined by the applied con-
trol system, a suitable control design can also ensure the impedance-based stability in grids
that have a significant grid impedance [23]. In order to ensure the impedance-based stability
in the high-impedance grids, relatively slow control dynamics are usually required. How-
ever, the suitable control designs for high-impedance grids perform poorly in low-impedance
grids where faster control dynamics are most desired for the optimal operation of the grid-

connected system.

An underlying problem in guaranteeing the impedance-based stability and desired per-
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formance of the grid-connected inverter is that the grid impedance may vary over many
parameters and over time [24]. Consequently, when designing the control system without
having accurate information about the grid impedance, drastic tradeoffs between the system
robustness and the control performance are usually made. Impedance-based stability issues
and power quality degradations have already been reported in the grids where high levels of
the power are generated through the inverters [ 18, 25, 26, 27]. Stability issues related to the
unknown grid impedance may become more common when the increasing demand for the
renewable energy forces new units to be placed in remote areas, where along grid-connecting
cable introduces significant impedance [28]. Thus, the stability cannot be accurately pre-
dicted before connecting the device in its grid-connection point; even then, the variations in
grid impedance may affect the stability. In order to guarantee the stability and desired per-
formance of the grid-connected inverter under varying grid conditions, the grid dynamics

must be measured and analyzed in real time.

Real-Time Methods

In order to assess the impedance-based stability of a grid-connected system, information
about the grid impedance is required. The existing impedance-measurement methods can
be divided into active and passive methods. Active methods require external excitation to
perturb the grid [29], while passive methods are based on existing disturbances or character-
istics of the grid and do not require an external perturbation [30]. In most cases, the passive
methods cannot be applied to assess the impedance-based stability as the methods usually
estimate the grid impedance only at the grid fundamental frequency. In the active methods,

however, the system is typically studied at several frequencies [31].

Previous studies have presented a number of active methods for measuring the grid impe-
dance. Particularly, wideband techniques have become popular [32]. In the technique, a
broadband perturbation such as an impulse or a multi sine is applied. The perturbation is
injected, for example, into the reference of the inverter current control, and the responses
both in the grid voltages and currents are measured. Fourier methods are then applied to
extract the corresponding frequency components and to determine the grid impedance [33].
As the broadband injection has energy at several frequencies, the grid impedance can be

rapidly measured at a wide frequency band.

Recently, one of the most popular broadband perturbation has been the pseudo-random
binary sequence (PRBS) [32]. The binary-form PRBS has become superior to other broad-
band perturbations as its binary sequences have the lowest possible crest factor among all
signals. A low crest factor indicates that the perturbation energy is high in relation to the
perturbation time-domain amplitude. Therefore, the binary perturbations are well suited

for measuring the grid-connected system that are sensitive to nonlinear dynamical phenom-

26



ena, which are typically triggered by high-amplitude perturbations. Additionally, using a
low-amplitude perturbation makes it possible to perform impedance measurements during
normal system operation. The PRBS is a deterministic and periodic signal, which makes it
possible to average the measurements over multiple injection periods to increase the signal-
to-noise ratio (SNR). In addition, the PRBS has a largely controllable spectral energy distri-
bution, so the perturbation is well scalable to different systems. As the sequence is binary,
the signal is very easy to implement even with a low-cost controller, whose output can only

cope with a small number of signal levels.

Real-time measurements of the grid impedance make it possible to monitor, for exam-
ple, the system performance and stability margins in varying grid conditions [34]. Accurate
and reliable measurements of the grid impedance make it possible to optimize the inverter
control system under uncertain and time-varying grid conditions. Therefore, the inverter
control system can be tuned closer to maximum performance with less conservative stability
margins, which improves the overall system performance and guarantees an adequate power
quality [35]. In order to maintain the desired system performance in varying grid condi-
tions, the inverter control system can be configured to autonomously react to the changes in
the grid conditions based on the real-time measurements of the grid impedance [36]. Con-
sequently, by applying such a control system, the inverter performance can be continuously
optimized to the grid conditions; this ensures a good efficiency, adequate power quality and

robustness of the grid-connected system, also in highly varying grid conditions.

1.2 Aim and Scope of the Thesis

The goal of this work is to provide methods for a robust grid-connected system with opti-
mized control performance. Such a system is able to avoid the impedance-based interactions
and constantly generate power at an adequate quality under varying grid conditions. To
achieve the goal, the inverter control system must be optimized to the unpredictable and
time-variant grid conditions. Such optimization requires accurate real-time measurements
of the grid impedance and an adaptive control system to continuously optimize the control
parameters to the measured grid impedance.

This thesis introduces wideband methods for real-time frequency-response measurements,
which can be applied to predict the dynamic performance and to assess the impedance-based
stability of a grid-connected system. The methods are based on various pseudo-random se-
quences and Fourier techniques. The most common issues affecting accuracy of the grid-
impedance measurements, such as the grid-voltage unbalance and harmonics, are considered.
This thesis introduce a design procedure for the perturbation parameters that effectively
mitigate those common issues affecting the measurement accuracy. Measurements of three-

phase systems usually require signal-processing and identification tools that are designed es-
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Figure 1.1 Grid-connected inverter with proposed real-time methods.

pecially for systems with multiple inputs and outputs. Therefore, the present thesis also
introduces the design and practical implementation of multivariable measurement methods
applying orthogonal binary sequences. By applying orthogonal sequences, multiple transfer
functions affecting the system dynamics can be measured simultaneously.

This thesis also presents the control tuning procedures that improves the system per-
formance under varying grid conditions. The real-time grid-impedance measurements are
applied to re-adjust the inverter control parameters for improved performance under cur-
rent grid conditions. The proposed adaptive control methods make it possible to keep the
impedance-based stability margins constant during changes in the grid conditions by re-
shaping the inverter impedance, and to provide desired control performance that guarantees
adequate power quality in various grid conditions. The adaptive controllers are adjusted to
compensate various negative effects of the grid impedance that typically compromise the
system stability or degrades the control performance and power quality. The design steps
and practical implementation of the proposed adaptive control methods are presented.

Fig. 1.1 shows a graphical abstract of this thesis. The inverter continuously (or at certain
intervals) applies an injection, measures the grid impedance, and performs real-time stability
analysis. Based on the analysis, the inverter control system is adaptively adjusted to meet the
desired stability margins, and, consequently, the desired control performance. The inverter
is fully self-supporting and requires no external devices.

The main advantages of the presented methods can be summarized as follows.

e Multiple transfer functions that describe system dynamics can be measured simulta-

neously in real time using an existing inverter in the system.

e The grid impedance is rapidly obtained under grid-voltage unbalance and harmonics.
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e The tradeoff between the system sensitivity and control performance can be opti-
mized by the adaptive grid synchronization, based on real-time grid impedance mea-

surements.

e Improved performance of the current control and enhanced power quality can be

achieved by applying the proposed adaptive-control strategies.

Challenges

Real-time measurements and adaptive control of grid-connected systems have multiple chal-
lenges that are reviewed briefly here. Some of the challenges are general in many fields of
engineering, but others are related especially to the grid-connected systems and their special
characteristics.

The main challenges of grid-connected systems are related to the unpredictable and vary-
ing grid conditions. In particular, the varying grid impedance has a major effect on the grid-
connected inverter by affecting the inverter control performance, triggering the impedance-
based interactions, and affecting the local grid voltages. Thus, the grid impedance and its
effects must be taken into account in both real-time measurements and adaptive control.
Additionally, the stability and performance analyses become highly complicated when the
grid impedance includes multiple resonances or is affected by near devices. Consequently,
the grid conditions are usually unpredictable and valid generalizations or simplifications are
relatively hard to provide. Thus, in order to optimize the performance of the real-time mea-
surements and the adaptive control, a wide range of possible grid characteristics must be
considered.

Designing real-time frequency-response measurements of grid-connected systems includes
multiple special requirements that must be considered. In general, the applied perturbation
must have enough energy at a wide enough frequency band. This is usually achieved by in-
creasing the perturbation amplitude or injecting multiple perturbation periods and applying
averaging. However, the injected perturbations appear as distortions from the grid perspec-
tive, which decreases the power quality. Therefore, because unnecessary high amplitudes
must be avoided, the perturbation amplitude is an important design parameter. Addition-
ally, averaging over multiple periods increases the measurement time and increases the reac-
tion time of the adaptive control. Hence, one of the challenges for real-time measurement is
to provide sufficient measurement accuracy within a desired time frame. The desired time
frame varies from few tens of milliseconds to a few minutes, depending on the process and
application. Furthermore, the measurements must be performed within the computational
and memory limits of the hardware, which often restricts the use of some advanced signal-
processing and analyzing tools.

Adaptive control of grid-connected inverters has certain challenges, most of which are
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related to the impedance-based interactions in varying grid conditions. Due to fast control
dynamics of the inverter, a sudden increase in the grid impedance may cause rapidly advanc-
ing stability issues. Therefore, the potential time frame to mitigate the stability issues is
usually very limited. Within this limited time frame, the advancing stability issues must be
first identified by the real-time grid-impedance measurements and, thereafter, the stabilizing
actions performed by the adaptive-control system. In order to guarantee good power quality,
maintaining the stability is not a sufficient operation of the control system; the desired in-
verter performance must also be systematically considered. An adequate performance of the
inverter is achieved when the control system is continuously adjusted based on the varying
grid conditions so that the impedance-based interactions and other disturbances are mini-
mized, maximum power with good efficiency is generated, and rapid control responses to
external changes are provided. This becomes complex as the grid conditions set practical
limits for the achievable control performance and power quality. Consequently, determin-
ing the optimal parameters for the inverter control system is not straightforward, as multiple

parameters and cross-effects between the parameters must be considered at the same time.

Research Questions

The main research questions in this thesis can be given as follows.

e What are the injection specifications and practical limitations for frequency-response
measurements applied in real-time stability analysis and adaptive control of grid-con-

nected inverter systems?

e How is the operation of a grid-connected inverter affected by varying grid conditions

and which grid characteristics should be identified and considered in adaptive control?

e How much can the produced power quality, stability and the control performance of
the grid-connected inverter be improved by adaptive control, and what are the limiting

1ssues?

1.3 Review of Previous Studies

Early methods for frequency-response measurements of the grid impedance were introduced
in [37, 38]. In both works, a relatively drastic transient was induced to the system by switch-
ing a capacitor bank, and the grid impedance was computed from the current and voltage
responses applying Fourier techniques. The measurements were performed in order to iden-
tify the topology of the power system network and to study the impedance characteristics at
a wide frequency range. The measurement technique of the grid impedance was improved

in [39, 40], where controllable sinusoidal currents were injected to the grid through an iso-
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lation transformer and the responses were processed by a frequency-response analyzer. The
impedance data was then applied in power-quality calculations at a specific point of the grid,
and to predict the impact of additional loads connected to that point.

In the aforementioned studies, external measurement devices were applied for measuring
the grid impedance. The authors in [41] did not apply an external measurement device, but
obtained the grid impedance by using an existing power-electronics device to perturb the grid
with high-amplitude current spikes. The authors in [42] applied a real PV inverter to inject
sinusoidal currents to the grid in order to estimate resistive and inductive components of the
grid impedance at the grid fundamental frequency. The method was improved in [43] by
fully integrating the excitation generator and impedance calculations to the control system
of the PV inverter.

Wideband perturbations were applied to grid-impedance measurements for the first time
in [44]. In that method, the duty cycles of the converter PWM were modified to produce cur-
rent pulses to the grid, the responses were recorded, and the grid impedance was calculated
offline. Wideband grid-impedance measurements, performed in real-time, were introduced

n [33]. That technique involved measuring the grid impedance by the inverter itself: the
inverter injected an impulse current on top of the normal output current, measured the re-
sulting responses in the grid voltage, and applied Fourier analysis to extract the correspond-
ing frequency components in both the voltage and current. The grid impedance was then
determined by the ratio between the perturbation voltage and current. The authors in [32]
further improved the grid-impedance measurements by using the pseudo-random binary se-
quence (PRBS) instead of the impulse in the measurements. The PRBS was shown to pro-
vide significantly more accurate measurements than the impulse-based method, especially in
noisy environments when the injection amplitude is restricted. In [45], a discrete-interval
binary sequence (DIBS) was applied to measure the grid impedance. A DIBS is a computer
optimized signal where as much power as possible is forced to the specific frequencies with-
out increasing amplitude of the perturbation. The DIBS has weakened frequency resolution
compared to the PRBS, but provides significant improvements on the measurement accuracy
when the system noise floor is high in contrast to the amplitude of the perturbation.

Recently, orthogonal binary sequences have been introduced for impedance measure-
ments of grid-connected systems [46]. The orthogonal sequences do not have energy at
the same frequencies, making it possible to simultaneously measure multiple coupled trans-
fer functions of the system. The method was shown to be particularly useful in the DQ
domain analysis in which several (coupled) impedance components are required for the sta-
bility analysis. It was shown that the method not only saves overall experimentation time,
but also ensures that each impedance component is measured with the system in the same

conditions, which may not be the case if sequential perturbations are applied.
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Utilizing Grid-Impedance Measurements

The online grid-impedance measurements have enabled various methods that can be applied
to improve the system performance, stability, and protection, especially in varying grid con-
ditions. First, such methods utilized an impedance measurement at the grid fundamental
frequency to optimize the control tuning of the active filters [47, 48] and to detect grid-
impedance variations for the protection purpose [43]. Similar measurements were applied
in [49] and [50] to replace static grid-impedance estimations for the independent control
of active and reactive powers, and in [51] for the model-predictive control schemes. The
authors in [52] applied the wideband measurements of the grid-impedance to locate and
identify different grid faults instead of just detecting their occurrence. In [53] the stability
of interconnected systems was accurately predicted by utilizing wideband measurements of
the source and load impedances. Methods for the real-time stability analysis were introduced
in [54] where the stability was assessed by the ratio between the modeled device impedance
and the measured grid impedance. The grid impedance was obtained at several frequencies
in real time and vector fitting was applied to the measured data.

Real-time grid-impedance measurements have also been utilized in adaptive control of
grid-connected inverters. The authors in [36] applied the measurements to improve the
impedance-based stability by limiting the control bandwidth of the grid synchronization
when the grid impedance increased. In order to mitigate the negative effects of the varying
grid impedance to the inverter control performance, the real-time grid-impedance measure-
ments were applied in the adaptive-control strategies that optimize the bandwidth [55] and
damping ratio [56] of the controlled system, and also in tuning deadbeat controllers [57].
The impact of the grid-impedance to the dynamics of the LCL filter were considered in [58],
where the measured grid impedance was applied in adaptive optimization of the hybrid-
damping technique. The adaptive methods have also been applied in DC power systems; the
authors in [59] applied real-time measurements of the DC bus impedance for an adaptive

control of the system source converters.

1.4 Summary of Scientific Contributions

The main scientific contributions are given as follows.

e A method for practical implementation for real-time measurements of grid impedance

applying orthogonal pseudo-random binary sequences.

e A systematic design procedure for a grid-impedance measurement that removes the
spectral leakage caused by grid-voltage unbalance and harmonics from the measure-

ments.
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e A technique for real-time stability analysis, based on the generalized Nyquist stability

criterion and multivariable measurements of the grid impedance.

e An adaptive phase-locked loop that keeps the system sensitivity constant by utilizing

the real-time measurements of grid reactance.

e Adaptive grid-voltage feedforward applying perturb-and-observe algorithm in order

to minimize the distortions from the produced power.

e Adaptive current-controller and digital Notch filter that compensate the negative im-

pacts of the grid impedance from the inverter innermost control loop.

1.5 Structure of the Thesis

This thesis contains five chapters and publications [P1]-{P6]. The following chapters can be

briefly summarized as follows.

Chapter 2: Grid-Connected Three-Phase System

Chapter 2 provides the theoretical background for analyzing the grid-connected three-phase
systems. It introduces the synchronous-reference frame (DQ domain) and its most impor-
tant characteristics, and reviews impedance-based stability and sensitivity analysis based on
the generalized Nyquist criterion for the multivariable systems. Also, the small-signal mod-

eling methods of the inverter with the load effect are presented.

Chapter 3: Methods

Chapter 3 presents the proposed methods of the thesis. The methods are divided into two
main parts: the real-time measurement methods of the grid-connected systems and adaptive
control methods that can be applied to improve the stability and control performance of the
grid-connected inverters in varying grid conditions.

The real-time frequency-response measurements of the grid-connected systems are based
on the pseudo-random binary sequences and the Fourier techniques. First, the general tech-
nique for obtaining frequency responses of the multivariable systems is considered. The
binary excitations, suitable for the online-measurements of the grid-connected systems, are
reviewed, where the main emphasis is on the orthogonal pseudo-random binary sequences.
Finally, the methods and design of the online frequency-response measurements of the grid-
connected systems are proposed.

The adaptive-control methods are based on the real-time identifications of the grid impe-

dance, the current control loop, or the generated distortion on the grid. The methods are
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proposed for different control loops of the grid-connected inverter in order to improve the

stability and control performance of the grid-connected system.

Chapter 4: Implementation and Experimental Verification

Chapter 4 presents implementation of the proposed online measurement and adaptive-control
methods for a three-phase grid-connected inverter. Verification of the methods is performed
through simulations and power hardware-in-the-loop tests. Accuracy and performance of
the online measurement methods are shown and the real-time stability analysis is illustrated.
Each proposed adaptive-control method is tested in realistic grid conditions and compared

to the conventional implementations.

Chapter 5: Conclusions
Chapter 5 summarizes the thesis and provides the main conclusions. The pros and cons of

the proposed methods are critically discussed and their applicability in different conditions

is reviewed.
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2 GRID-CONNECTED THREE-PHASE
SYSTEMS

This chapter presents background information about the three-phase grid-connected systems
applied in the thesis. First, the synchronous-reference frame and the impedance-based sta-
bility analysis are presented. After that, small-signal modeling of the three-phase inverters
is introduced. The impact of the grid impedance is added to the small-signal model by a
load-affected transfer functions. Finally, a short discussion of the provided background in-

formation is provided.

2.1 Synchronous-Reference Frame

Grid-connected systems are usually analyzed in a sequence domain or in a synchronous-
reference frame (DQ domain). The two domains provide relatively similar analyses and pre-
dictions about system stability [60]. The sequence domain does not require grid synchro-
nization, but does not provide a steady-state DC operating point either. In a synchronous-
reference frame, accurate grid synchronization is required as the frame rotates at the grid
fundamental frequency. Due to the synchronized rotating frame, balanced three-phase vari-
ables can be represented as two equivalent DC signals whose steady-state operating point
can be solved. This makes it possible to use linearized state-space methods and conventional
Pl-type controllers, which are the main reasons why the DQ domain analysis is applied in
this thesis [15].

Three-phase waveforms can be transformed to the synchronous-reference frame in two
steps, known as Clarke and Park transformations. First, the three-phase variables (4, &, and
¢) are transformed to a rotating space vector (¢ and [3) and a zero (0) component using the

Clarke transformation. This is achieved by a linear transfer matrix, which can be written as

[61]

x,(t) 1 =12 —-1)2 x,(¢)
xp(t) | =K | 0 V32 —/3/2] | x,(2) 2.1)
xo(t) /2 1)2 1/2 x,(t)
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where K, determines the type for the transformation: K. = 4/2/3 is applied for the power-
invariant transformation and K, = 2/3 for the amplitude-invariant transformation that is
applied in this thesis. The zero component equals zero when the balanced three-phase vari-

ables are transformed.

Next, the frame is synchronized with the grid voltages by Park transformation, and the
frame follows the phase angle of the grid voltages, which can be given as 0, = f 0[ w,dt.
Consequently, the frame rotates at the fundamental frequency and the observed variables
(appearing at the fundamental frequency) stay still in the frame. The Park transformation

for balanced three-phase values can be given as [62]

x=xBe 0 = x + Jx, 2.2)

where x*7 is a space-vector representation of the balanced three-phase variables, and the
vector in the synchronous-reference frame (x*) is divided into direct (x,) and quadrature (x )

q
components. Therefore, fundamental components of the balanced three-phase waveforms

can be represented as DC-valued d- and g-components that are orthogonal to each other.

Considering the DQ domain waveforms, when the frame is accurately synchronized to
the balanced three-phase grid voltages, the voltage d-component denotes the amplitude of the
grid voltages and the g-component equals zero. As the frame is synchronized to the grid volt-
ages, the phase angle of the grid voltages is applied in transformation of the currents. How-
ever, as three-phase voltages and currents are connected through the system impedance, the
system reactance causes phase lag (lead) to the current. Thus, the grid current d-component
does not equal to the amplitude of the three-phase currents nor the g-components equal to
zero. Therefore, the direct components of the currents and voltages are coupled through the
system impedance, which must be determined as a multivariable matrix, including direct
components (dd and qq) and cross-couplings (dq and qd). The full DQ domain impedances
(admittances) are 2 x 2 matrices that can be given as

af — de qu 2 2.3)
v Z,  Z z
q q qq
~

q

Zpg
Consequently, systems in the DQ domain are multi-input-multi-output (MIMO) systems.
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Figure 2.1 Interconnected source-load subsystem (a) and its feedback-system equivalent (b).

2.2 Impedance-Based Stability

In the impedance-based stability analysis of interconnected systems, the stability is de-
termined by the ratio of the source and load impedances or admittances at their point of
common coupling (PCC) [22]. Fig. 2.1a shows an equivalent small-signal circuit of a
source-load interconnection, where the inverter acts as a source and the grid as a load.
The superscript (") is used to denote small-signal variables of the system. The inverter is
modeled as a Norton equivalent by an ideal current source (Als) and shunt admittance (in-
verter output admittance) Y,. The inverter output current flows to the grid that is mod-
eled as a Thevenin equivalent, by an ideal voltage sink (¥,) and series impedance (grid im-
pedance) Z . In the DQ domain analysis, the grid-impedance and the inverter output ad-

mittance are analyzed as multivari-able models [53], given as

Zoa(s) Zo(s)

Z Y ()
Zoa(s)  Z.(5)

()
Z(s)=
W8) Y, ()

g

(2.4)

o

“

Y
Y, (5)=1] "
YO

The grid and inverter are assumed to be standalone stable; that is, the inverter connected to
an ideal grid is stable and the grid without the inverter is stable.
Based on the equivalent circuit shown in Fig.2.1a, the inverter output current can be

written as
L=4+Y 2] -1+ Y, 2] Y8 =[1+Y.2] [ - Y9 ] (2.5)

which is affected by the grid impedance and the inverter output admittance. The term
[’is — Yﬁg] represents an inverter connection to the ideal grid voltages (zero grid impedance),
which is assumed to be stable in all conditions. The residual term [I + Y“Zg]_l affects sta-
bility and resembles a closed-loop transfer function for a multivariable negative feedback

system. The stability of such a system is assessed if the system minor loop gain

L(s)=Y.(s)Z(s) (2.6)



satisfies the generalized Nyquist criterion (GNC) [63].

Fig. 2.1b illustrates the feedback-system equivalent for the interconnected grid and in-
verter subsystems. The forward gain equals one, and feedback gain is a product of the in-
verter output admittance and the grid impedance that is the system minor loop gain (2.6).

The closed-loop transfer function for the feedback system can be written as

adj [I + YOZg]

1+Y 2] = ————"
[1+x.2] det[1+Y,Z,]

2.7)

where the inverse matrix is divided to the determinant (det) and the adjugate (adj) terms.
A necessary and sufficient condition for the feedback system stability is that det [I +Y°Zg]
satisfies the generalized Nyquist stability criterion [64].

Stability Margins and System Sensitivity Function

The stability of the multivariable grid-connected system can be assessed by the eigenvalues of
the minor loop gain. The stability margins of the feedback-system equivalent (Fig. 2.1b) can
be evaluated through the eigenvalue loci (eigenvalues for each frequency jw) of the minor
loop gain [63]. Assuming the minor loop gain has no zeros with a positive real part, the
system is stable if the eigenvalue loci does not encircle the critical (-1 + j0) point in the
complex plane and the stability margins can be then evaluated by the shortest distance to

that critical point. The eigenvalues (4) for each frequency can be solved from
det[ A=Y, (j)Z,(j)] = det[A(j o)l — Lij)] =0 28)
This yields a second-order equation for the minor loop gain (2x2 matrix), given as
= AL, +L,)+(L,L,—L,L,)=0 2.9)

The solution of such a second-order equation returns a pair of complex eigenvalues for each
frequency jw. Consequently, two eigenvalue loci (4,(jw) and A,(jw)) are plotted in the
complex plane, where both loci must satisty the GNC [53]; that is, they must not encircle
the critical point in a clockwise direction.

The system’s robustness can be evaluated by the proximity of the eigenvalue loci to the
critical point. The shorter the distance, the more sensitive is the system to external distor-

tions [65]. For a given eigenvalue (A(jw) = a + j ), distance to the critical point can be

dyjoy = V(1+a)?2+ 32 (2.10)

The closest eigenvalue determines the most sensitive frequency of the system, denoted by

written as

38



(a) (b)
UGo) ;. N RCD

i 7
Closed-Loop
Transfer Function
Y, (jw)ZgU‘U)

Ljw)

Figure 2.2 Multivariable feedback equivalent (a) and definition (b) of impedance-based sensitivity.

[Nd(jw) [Yd (w)

Ng(jw) Y, (w)
[I+ L(jw)]™!
\ﬁ—l

UzvH

the critical frequency .. The closest acceptable distance can be adjusted by drawing a circle
around the critical point, where the radius of the circle is considered as a stability margin
that determines the minimum system attenuation for external disturbances. Correspond-
ingly, the impedance-based stability margins can be considered by a transfer function from
external disturbances to the system output; this is known as a system sensitivity function.
This approach was presented in [65] for a impedance-based stability analysis of a DC-DC
system. For such a single-input single-output (SISO) system, the system sensitivity function
is straightforwardly defined as an inverse of the distance between the eigenvalue loci and the
critical point.

A sensitivity function for a multivariable system is more complex than for the SISO sys-
tems, as multiple eigenvalue loci are coupled [64]. Fig. 2.2a depicts the system sensitivity,
determined by a closed-loop transfer function from external disturbance N (j w) to the pro-
cess output Y(jw), where the feedback gain represents the minor loop gain (2.6) and mostly
determines the system sensitivity. Fig. 2.2b shows the closed-loop system from N (jw) to
Y(j w), from which the system sensitivity can be determined by singular value decomposi-
tion (SVD). The SVD can be written as [66]

[USVH](jw) = SVD([1+Y,(jw)Z,(jw)] ) = SVD([I+L(jw)] ") 2.11)

where the closed-loop transfer matrix is divided into three parts: matrices U and VH repre-
sent the rotation of the matrix, while diagonal matrix X represents the scaling of the final
transfer matrix. Therefore, components of the X are the system singular values (o,(j w) and
0,(jw)) that determine absolute (frequency depended) gains through the closed-loop feed-
back and, thus, define the system sensitivity for external disturbances. Further analysis of
the SVD is beyond the scope of this thesis, as only the impedance-based system sensitivity is
considered by the system singular values (sensitivity function).

The greater of the two singular values (0,(j w) and 0,(j w)) represents the system sensitiv-
ity; that is, the maximum frequency-dependent gain (in Fig. 2.2) for the external disturbances
[64]. The maximum of the singular values is usually considered as the principal gain of the
multivariable system [67], which determines the maximum absolute gain of the closed-loop

system for disturbances arising from any directions. In the DQ domain this means any dis-
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turbances from the d-channel, g-channel, or combinations thereof. Based on this definition,

the impedance-based sensitivity function can be given as
S$(jw)=max(Z(j w)) (2.12)

with which the system robustness at each frequency can be determined by a single real-valued

number.

The stability of the multivariable feedback system can be assessed if the determinant of
the closed-loop transfer function (2.7) satisfies the GNC. The inverse determinant term is a

product of the system singular values for a 2 x 2 matrix, given as [64]

1

2
det[I+L(jw)] [[oGeo) =0 (@) w) (2.13)

i=1

and thus, provides a straightforward indicator of the overall system sensitivity. Use of the
determinant term instead of the SVD analysis simplifies the analysis and eases computational
burden. Thus, in this thesis, the impedance-based sensitivity function of the multivariable

grid-connected system is defined by a determinant term, given as

. 1
Suljw)= ERTER TP (2.14)

The maximum absolute value of S, (jw) is denoted as a sensitivity peak, given as

det

Speae = max_[S, (jew)l=

peak — = Inax
0<w<o0o 0<w<oo

1
det[I—i—L(ja))]' @15)

The sensitivity peak rises to infinity when either of the system singular values (or eigenvalue

are desirable in order to mitigate harmonics

loci) approaches instability. Low values for S,

and avoid stability issues. Thus, the sensitivity peak, defined by the determinant term, can
be applied as an indicator of system robustness. The desired robustness level can be adjusted

by limiting the maximum allowed sensitivity peak.

For the stability and robustness assessment, the first step is to assess the absolute stability
by applying both the system eigenvalue loci and then the stability margins by the system
sensitivity function. By defining the system sensitivity function as (2.12) or (2.14), the sen-
sitivity function can be considered to represent the distance of the eigenvalue loci from the
critical point rather than to return information about possible encirclement of the critical
point. Consequently, the sensitivity function may have low values that indicate a robust sys-
tem, even though the actual eigenvalue loci encircles the critical point, and thus, the system

does not satisty the generalized Nyquist criterion.
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Figure 2.3 Three-phase inverter connected to ideal grid.

2.3 Inverter Small-Signal Model and Output Admittance

In this section, a small-signal model of the inverter output admittance in the DQ domain
is constructed. The model is based on the linearized state-space averaging [68] and closed-
loop transfer functions. The modeling method was originally developed for the filters and
the DC-DC converter, where the system can be linearized around the DC-valued operating
point. However, voltages and currents in AC systems are sinusoidal and the DC-valued oper-
ating point does not occur. Here, the DQ domain analysis becomes superior over stationary
frames (such as sequence domain) as the balanced three-phase variables are transformed to
two DC-valued signals, which can be linearized around the steady-state operating point by

first-order derivatives of the Taylor series.

Fig. 2.3 shows a grid-connected inverter that connects the photovoltaic source to the
ideal grid voltages through an L filter. Equations for the inductor voltage (derivative of the
current) and capacitor current (derivative of the voltage) are formed by applying the conven-
tional Kirchoff’s circuit laws. The signals are transformed to the DQ domain and averaged
over a switching period, determined by the duty cycle d. The yielding averaged model can
be given as [69]

iy _ L —r (i) + e L (i v)—(v

dl' _L1< 1.( Ld>+ ng< Lq>+dd< c> < nd))
di

; t> _ Li (e Ly {iv) — 7, i)+, (0) — (0,.)) (2.16)
dw) 1/ 3, 3, . .

= 2 (Sl — S i)+ ()

(0,0 = (v (i0) = (10)> (2.) = (i)

where the variables shown in the Fig. 2.3 are transformed to the DQ domain and ¢, repre-

sents the grid-fundamental (angular) frequency.
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The steady-state values are determined by the grid voltages and power yield of the DC
power source. Additionally, the output current q component (reactive power) is regulated
to zero as the intentional production of reactive power is not considered in this thesis. For
other variables, the steady-state can be solved from the average model as the derivatives settle
to zero at the steady state. The steady-state variables can be written as

Vod+ V Vod2+§‘/inre[in

=

2,
ZIZ-nLlcog
D =—=2 (2.17)
1 3Dd‘/m
27
Iy= ~
3D,

The equations are linearized around the steady-state operating point. In the linearized model,
the small-signal variables are gathered into input (u), output (y), and state (x) vectors. The
yielding linearized equations are gathered into state matrices (A, B, C, and D), representing

the inverter dynamics, as [70].

0]
2 7 D, " 1 Vi
i, —L—‘l' W, fli 0 |z, 00 -7 0 I 0 0
" " D n 1 Vin 2\
i 0 B B 2 —L—Ll L—? O] |2, N 00 O - 0 . D,
Al T 3D 3D A 1 3 31 A
delo | | S 52 00l le | |go 0 0 =5k S,
0 0 o oof]o 00 0 0 0 0 d,
N—— A
X A X B _dq_
N——
u
T
b, 0010]|z, 0
0 0000] |1, e
L= I+ 0 (2.18)
L, tooo| || |2,
i,| |otoof]o d,
e~ e — A
y C X _dq_
N——
u

where uppercase denote the steady-state values. In the Laplace (frequency) domain, the

open-loop transfer functions from the input vector to the output vector can be solved as [71]
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Y(s)=[C(sI—A)"'B+D]U(s) 2.19)

The yielding transfer matrix G represents the inverter small-signal dynamics at the steady-

state operating point, given as

mn
in Z in-o 0 7:)id—o oig-o Gci d-o Gciq—o 0
0 o 0 o0 0 0 0 |9,
= (2.20)
2od Giodro 0 _)/oddn _)/oqdro Gcodd—o G«:uqd—o 7)oq
A A
loq Gioq-o 0 _)/()dq-o T4 ogqo codgo coqq-o dd
A
Y G | d, ]
~———
U

To simplify further analysis, the DQ domain transfer functions appearing in G are grouped

as 2 x 2 matrices

o 0 Toid-o Toiq-o cido Gciq-o
7 - T = G =
in-o oi-o ci-o
0 0 0 0 0 0
G, 0 Y Y G G
- iodo - oddo oqdo o codd-o cogdo
Gio—o - ’Yo'o - 4 Gco—o -
iogo odgeo oqq0 codgro coqqro

Closed-Loop Output Admittance Model

In this section, the control loops are closed and the multivariable inverter output admittance
at the closed loop is presented with the linearized transfer functions. The grid-connected
inverter, which connects renewable energy to the grid, usually utilizes a cascaded control
system [15]. Fig. 2.4 shows such a control structure, implemented in the DQ domain. The
inner control loop regulates the AC currents and provides the duty cycles for the inverter
switching. The d and q components are coupled through reactance within the feedback
loop. Therefore components of the inverter output current couple through the AC-side
filter, which can be mitigated by applying decoupling gains. In the renewable-energy appli-
cations, the DC voltage must be controlled in order to achieve the maximum power point of
the renewable source [72]. Therefore, the outer loop of the cascaded control system controls
the DC voltage. The DC voltage control removes the need for an additional DC-DC con-
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Figure 2.4 Grid-connected inverter utilizing cascaded control system.

verter between the source and the inverter. The inverter control system is synchronized to
the grid voltages using a synchronous-reference-frame phase-locked loop (SRF-PLL). Addi-
tionally, a grid-voltage feedforward is utilized in order to improve mitigation of the low-order
harmonics from the produced currents [73].

The fact that real switches cannot change their state instantaneously must be considered
when implementing the pulse-width modulation (PWM) in order to avoid short-circuiting
the DC capacitor. Therefore, the switches’ turn-on signals are delayed by a few percent of
the switching cycle. This is known as dead time. The phenomenon has highly non-linear
characteristics and complex dependency of many parameters [74], so it is not included in
the linearized inverter model. However, the impact of the dead time to the power quality is
considered when the grid-voltage feedforward is adjusted in Section 3.

Fig. 2.5 shows a block diagram, which represents the inverter small-signal behavior when
the PLL, grid-voltage feedforward, and the decoupled AC current control loops are closed.
The DC voltage control loop is not included, but will be added in the model later.

First the AC current control loop L_ is closed. The output currents are sensed and fed

to the corresponding channels (separate d- and g-channels) through sensing gain, given as

H = (2.21)

The current control G, includes separate controllers in the current d- and q-channels. The
d-channel controls the active power and reactive power is controlled in the g-channel. How-
ever, the current d- and q-components are coupled through the reactance within the feedback
loop and characteristics of the control system [75]. In order to mitigate these couplings, the

decoupling matrix (G,_) is applied in the current-control. Gains in the decoupling matrix
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Figure 2.5 Inverter dynamics with PLL, grid-voltage feedforward, and AC current control.

are tuned by (2.16) in order to compensate the effect of 7, to the 7, , and opposite. The cross-

couplings, caused by the L filter, can be compensated by the decoupling matrix, given as [15]

0 —w LV,
= g/ Fn (2.22)
ngl/‘/m 0

dec

The decoupled current-control loop gain (feedback loop not closed yet) can be written as

CC = Gco o(G Gdec) io (2'23)
By closing the feedback loop, the AC current control loop is formed as
Gcc = LCC(I + LCC)_l (2'24)

Next the SRF-PLL loop is closed, which synchronizes the DQ domain control system
with the grid voltages. Thus, the PLL provides the synchronization angle (6)) for the DQ
transformation of the currents and voltages, and reverse transformation for the duty cycles.

The grid voltages are sensed and fed to corresponding channels of the control system as

H = (2.25)

The SRF-PLL synchronizes the DQ control frame to the grid voltages (grid reference frame)
by regulating the sensed output voltage q component to zero. Therefore, only the voltage q
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component is sensed for the PLL as

H, = (2.26)

The internal controller of the PLL (G,
tions, as only the voltage q component is regulated. The PLL loop gain can be given as [70]

1) and the plant (V,,(s)™) are scalar transfer func-

I"PLL = ‘/od(s)il G

cPLL

H,, (2.27)

where V. is the steady-state value of the grid-voltage d component. The PLL loop is formed
as
T = (Vo) Ly (T4 Ly )™ (2.28)

PLL

the input of which is the grid voltages and output is the synchronization angle . The
small-signal variation in the synchronization angle affect the DQ domain control system.
The small-signal angle can be written as [76]

0 =T,5, (2.29)
As the three-phase variables in the DQ domain are presented by two DC-valued signals that
are orthogonal to each other, the small variations in the synchronization angle (a small er-
rors in DQ transformation) cause coupling between the d and q components. The small
variations in the synchronization angle affect the inverter currents and duty cycles through

the steady-state values, as

0 -D

D= a (2.30)
0 D,
0o I

I = a 2.31)
0 7]

This increases the coupling between the d and q channels. The complete effect of the PLL
to dynamics of the inverter innermost control loop (the current-control loop) can be given

as a transfer matrix
(2.32)

PLL

G,, =[LI —G_D]T

PLL — cc L

Next, the grid-voltage feedforward path is closed. The purpose of the grid-voltage feed-
forward is to compensate the open-loop output admittance (Y, ) [77]. The feedforward path
is implemented by scaling the sensed grid voltages by appropriate feedforward gains (K,
and K, ) and adding the scaled signals to the duty ratios from the current control. The
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feedforward gains are included in the transfer matrix as [73]
G,=| "™ (2.33)

The closed feedforward path can be written as

L.=G_G,I+L,)'H (2.34)

vo

where the grid voltages are sensed by H__ and the PLL affect the voltage q component.

At this point, each loop shown in Fig. 2.5 is closed and corresponding transfer matri-
ces are modeled. In order to clarify the further modeling, the previously modeled transfer
matrices are gathered into the four auxiliary closed-loop transfer matrices that include the
SRF-PLL, the current-control loop, and the grid-voltage feedforward path. The closed-loop

A
transfer matrix from ?_ to z, can be given as

Y:C = (I + Lcc)i1 (Yu-o - LFF - GPLL) (2'35)
aref AL
From the AC current reference (z, ) to i, is given as
G;=(+L,)"'G,.G.. (2.36)
From ©_to O, is
T, =T,+G,G (GY,,+G,)—Gy) (237)
and from Q:Ef to D, is
G:=G,(G,,) 'I-G L H,)" (2.38)

Fig. 2.6 shows the AC-side dynamics of the inverter, when the DC voltage control loop
is closed and the auxiliary closed-loop transfer matrices (2.35-2.38) are applied. The DC
voltage control adjusts the current reference for the output current d-component, and the
current q-component is regulated to zero as intentional production of reactive power is not
considered in this thesis. The DC voltage is sensed and fed to the d-channel of the control

system through sensing gain, given as

H = (2.39)

Therefore, the DC voltage controller G, affects directly only the d-component. The DC
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Figure 2.6 Inverter dynamics with DC voltage control included.

voltage control loop gain can be given as
L, =G;GH, (2.40)

Finally, all the applied control loops of the cascaded control system are closed. The com-
plete DQ domain inverter output admittance can be solved from Fig. 2.6 as transfer matrix

from? to 20, and given as [73]
Y, =Y+ GG H, I+ L)' T; (2:41)

The PLL transfer matrix (2.32) is included to Y and T<. The grid-voltage feedforward affects
the Y*. The current-control loop acts as the innermost loop, and thus, affects all closed-loop
transfer matrices related to the inverter output current and, consequently, the output admit-
tance. Additionally, when the switching frequency £, of the modeled inverter is defined, the
unity sensing gains and PWM are replaced by a third-order Pade approximation of the time
delay (T, = 1.5/f.). Alternatively, control delays and effect of the discrete data sampling,
synchronized with the PWM, can be accurately taken into account by applying discrete-
time modeling methods [78]. However, analysis of the grid-connected systems in this thesis
is based on the presented continuous-time methods.

The presented small-signal model of the grid-connected inverter can be applied in the
impedance-based stability analysis, but also in design process of the inverter control system.
Each loop of the cascaded control system is included in the inverter model with a trans-
fer function that makes it possible to tune the control parameters properly and to observe
impact of the different parameters in various operating conditions. Therefore, the control
indicators, such as bandwidth and phase margins, can be observed and properly adjusted by
applying the presented small-signal model.

2.4 Load-Affected Model

As the inverter is connected to the real grid, the grid impedance is present and results in a
load effect. The load effect appears as the output current affects the grid voltage through the
grid impedance (Z)). Consequently, the grid voltage affects the currents through the inverter
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Figure 2.7 Inverter connected to grid with impedance.

output admittance (Y, ). As a combination of these two effects, an additional term appears
in the inverter transfer functions. This term resembles a feedback loop and can be written as
[I + YU_OZg]A. A similar transfer function is analyzed in the impedance-based stability and
sensitivity analysis [22].

The load-affected modeling becomes a practical option for assessing the system stability
and predicting its control performance, as effect of the load can be added to the system open-
loop transfer functions. For example, the load-affected transfer function from the duty ratios
to the output current (G_ ) can be written as [21]

G..=G,_[1+Y, z]" (2.42)

co-0 00" g

Grid-Side Impedance

The main challenge in assessing the impedance-based stability is the fact that the grid char-
acteristics can be complex and time-varying [79], which means that generalized models can-
not be usually presented. Therefore in this thesis, the real-time measurements of the grid
impedance will be applied to assess the stability and to remove the need for modeling the grid.
However, a small-signal model of the grid impedance model becomes practical in analytical
studies of the load-affected inverter performance and stability under certain grid conditions.
Additionally, AC-side filters can be added into the model and properly designed. Therefore,
this section briefly presents a simple grid impedance model that includes inductive/resistive
components and impedance of the AC filter with capacitor.

Fig. 2.7 shows an inverter, connected through an LC filter to the inductive grid impedance.
The inverter itself is modeled with the L filter. Therefore, for the impedance-based stability
analysis, the filter capacitor is considered as part of the grid impedance. The grid inductance
(L,) can be considered to also include the grid-side inductor (Z,) if an LCL filter is applied.

A linearized small-signal model of the grid is produced by applying the similar state-space
analysis as performed for the inverter. The input variables are defined as inverter output

currents and the grid voltages. The output variables of the model are the PCC voltages
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and the current flowing to the grid. The grid-side inductor currents and the filter capacitor

voltages are applied as state variables. The linearized state-space model can be given as [69].

A [ () 1 A 7 1 A
. _4 = . _f I .
o I w, . O Ly I, 0 —1 ) 0 Log
A (r+7,) 1 A 7 1 A
— Ty — i _ L
d | i, _ @y L, 0 L, Pl n L, O =7 ||t
dt | 2 1 A 1 A
Vepa -G 0 0 w ¢ Vet [ 0 0 Vea
A 1 A 1 A
Vetq 0 e —W, 0 Vetq [ 0 0 &q
A A A
Vpccd -7 0 10 Ly r, 000 I,
A A A
0 0 — 01 1 0r 00 )
i £
i’CCd — Lgq + oq (2.43)
. A A
Ly 1 0 00 Dy 0000 Uy
A
1 0 1 00 D 0000 D
2q Cfq gq

The impedance dynamics are gathered into the matrix by applying (2.19) and can be

written as
A
A .
Upced Zg-dd Zg-qd Tg.dd Tg-qd 2o
A

A .

) Z Z Z
PCCd | __ gdq qq gdq gqq oq
= ) 2.44)
lg-d Gg-dd Gg—qd _Yg.dd _Yg-qd ‘Ug»d
A
i G G 0

— — v
8q gdq gqq gdq 899 gq

A A
where the transfer functions from inverter output currents (z,, and z ) to the PCC voltages

A A
(Dpeey and ©

recq) are components of the DQ domain grid impedance (Z), seen by the in-

verter. Typically, the filter parameters (L,, C,, and 7,) are known, but the grid impedance (Z,
and 7) remains unknown and varies over time. However, this simple model can be used to
analyze the dynamics of common AC filters and include the grid impedance into the load-
affected models.

AC Filter

A parallel capacitor is usually added to the AC filter in order to mitigate high-frequency
distortions caused by inverter switching [80]. The most common topologies are the LC and
LCL filters, where the inverter-side inductor (L,), the AC capacitor (C,), damping resistor
(r,), and the possible grid-side inductor (L,) are known by the design process. However,
as the inverter is connected to the grid, the grid impedance is present and affects the filter
characteristics. As the grid impedance is usually mainly inductive, the grid-side inductance
is increased. Additionally, the LC filter and the interfaced grid inductance (Z,) form an LCL
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circuit. Thus, the properties of the AC filters depend on the grid impedance.

The resonant pole of the LCL filter (without damping) appears at

L+L,

w ST
CLL,

(2.45)

pLCL —

where L_is usually unknown. The value of L, depends on the connection point and may
vary over time. In general, increasing grid inductance decreases the frequency of the pole.
The pole appears as a resonant peak and is usually designed to locate at significantly higher
frequencies than the control bandwidths. In high frequencies, the control delays usually
decreases the phase of the inverter output impedance so that the passivity is lost (phase below
-90 degrees) [81]. Therefore, the impedance-based interactions between the inverter and the
grid may be triggered by resonance of the LCL filter. The stability issues may occur especially
in weak grids, where the grid inductance has a significant effect on the resonant pole of the
LCL filter. Therefore, the impedance-based stability must also be assessed at significantly
higher frequencies than the control bandwidths.

2.5 Discussion

This chapter has presented background information on the analysis of grid-connected sys-
tems, upon which the proposed methods in this thesis are based. Fig. 2.8 shows a grid-
connected three-phase inverter and role of the methods, presented in this chapter. In this
thesis, the analysis, modeling, and measurements of grid-connected systems are performed
in the DQ domain. System stability is assessed by the impedance-based stability analysis
and the stability margins are assessed by the system sensitivity function. Although the
thesis does not provide novel methods or significant improvements into modeling of the

grid-connected power electronics, small-signal modeling of the three-phase grid-connected
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Figure 2.8 Grid-connected three-phase inverter.
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inverter has been introduced in this chapter. The accurate small-signal model will be applied
in the impedance-based stability analysis of the grid-connected systems and to design the in-
verter control system. In the design process, the control parameters can be appropriately
adjusted by observing their impacts on the small-signal model. Additionally, the system
stability and performance in various grid conditions with different control parameters can
be predicted by applying the load-affected inverter models. Consequently, the background
information and modeling methods presented in this chapter are required in the following
sections, where the adaptive control system is designed for the grid-connected three-phase
inverter, and impedance-based stability of the grid-connected system is considered by the

real-time grid-impedance measurements.

52



3 METHODS

This chapter is divided into two sections. The first section presents methods for real-time
measurements of the grid-connected systems and the second section proposes multiple meth-
ods for adaptive control of the grid-connected inverters.

Non-parametric methods for obtaining frequency-response measurements of the grid-
connected systems are reviewed in this chapter. The methods are based on the pseudo-
random binary sequences and Fourier techniques. The special characteristics of the grid-
connected systems are considered and suitable design process for online measurements is
proposed.

The second section discusses the control-design process for the SRF-PLL, the current-
control loop with its auxiliary functions, and the DC voltage control. Additionally, the
adaptive-control methods are proposed for different control loops. The adaptive control
strategies are based on the inverter small-signal model and the identified characteristics of

the interfaced grid conditions.

3.1 Real-Time Analysis of Grid-Connected Systems

Grid-connected systems can usually be considered as linear time-invariant (LTT) systems for
small signal variations [57]. According to control theory, a LTI system can be characterized
in the time domain by its impulse responses and in the frequency domain by a frequency
response. The frequency response is the Fourier transform of the impulse response [29].
Fig. 3.1 shows a general setup for measuring a frequency response of the plant (g(¢)).
The input signal of the plant is perturbed by a device whose actuator follows a generated
excitation sequence (7(t)). In order to obtain the frequency response of the plant, the input
(#,(t)) and output (y,(t)) signals are measured during the perturbations. However, the input
and output signals are corrupted by external distortions (,(¢) and 7 (¢)) that include white
noise and other distortions arising from the system characteristics. Therefore, the measured

input and output signals can be given as

n(6) = () n,(2) G.1)
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Figure 3.1 General measurement setup.

where #(¢) and y(t) are considered as disturbance-free input and output signals, respectively.
The measured signals are transformed to the frequency domain by a discrete Fourier trans-
form (DFT) and the frequency response (G(j w)) between signals is computed as [31]
: Y(jo)+N(jo)
Gljw)=——" " (3.2)
U(jw)+N,(je)
where U(jw), Y(jw), N,(jw) and N (jw) denote Fourier-transformed input and output

signals, and the corresponding distortions, respectively.

3.1.1 Pseudo-Random Binary Sequences

Pseudo-random binary sequences (PRBS) have become popular excitation signals in frequ-
ency-response measurements of grid-connected systems. The PRBS is a broadband signal
with which the frequency response can be measured at multiple frequencies simultaneously.
The binary signals have the lowest possible crest factor among all signals, which means that
the signal’s total energy is very high in relation to its time-domain amplitude [31]. This
makes it possible to minimize the system interference during the measurements. Addition-
ally, due to binary form of the PRBS, it is also easy to generate with low-cost devices that
can cope with limited signal levels.

Maximum-length binary sequence (MLBS) is the most common form of the PRBS. The
=2"—1,
where 7 1s an integer [82]. The MLBS is easy to generate by an 7-bit shift register and XOR-

MLBS is a periodic excitation signal, which appears at certain sequence lengths N,
feedback [32], which yields a periodic binary sequence varying between values 0 and 1. In
order to produce symmetrical perturbation with an average close to zero, the binary values
are mapped as A and —A, corresponding to the time-domain amplitude.

The spectrum of the MLBS is linearly spaced with a constant frequency resolution of
Jro = frw/ Ny Where £ is the signal generation frequency. The power spectrum of the

res gen

continuous MLBS can be written as [31]

(I>MLBs(q) =A? Nugs +1 Sinz(nq/NMLBS)

NI\%ILBS (ch/NMLBS )2
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Figure 3.2 MLBS in time domain its power spectrum in frequency domain.

where ¢ is integer that represents index for a spectral line (harmonic). The power spectrum
follows sinc?(¢) = sin*(q)/q? function, whose absolute values are determined by the MLBS
amplitude A and length N, ,, [83].

MLBS
Fig. 3.2 shows an example of MLBS, where N, = 15 (n = 4) and f, = 1 kHz. The

power of the MLBS drops to zero at generation frequency f and its multipliers. The half-

MLBS

power bandwidth of sinc? function is usually applied as measurable bandwidth for the given
MLBS, which lies approximately at /. &2 0.44f. . The measurement time for a single MLBS

gen®

period can be defined by generation frequency and sequence length as

N,

MLBS 1

TMLBS = fgcn = E (3-4)

The MLBS is a deterministic signal that enables multiple repeated sequences to be injected
and the obtained results to be averaged. Averaging increases the measurement time propor-

tionally to the number (P) of averaged (repeated) periods [84].

3.1.2 Identification of Multi-Input Multi-Output Systems

A general multivariable or multi-input multi-output (MIMO) system includes 7 inputs and
m outputs. Therefore, the system to be identified is an 7 x m transfer matrix. The sim-
plest way of identifying such a system is to perturb system inputs (1) one at time and to
measure the responses at all system outputs (72) in turn [53]. This must be performed for
each input-output combination, which may become time-consuming when the number of
inputs increases. Additionally, the operating conditions may vary between sequential mea-
surements. An alternative to sequential measurements is to simultaneously measure all the
system input-output combinations (components) by applying uncorrelated sequences [85].
The uncorrelated sequences have energy at different frequencies, which means that several
frequency responses can be measured simultaneously during a single measurement cycle.
This technique saves time compared to the sequential approach and allows the frequency

responses to be measured under the same operating conditions [P1].
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Figure 3.3 Typical setup for MIMO measurements.

Fig. 3.3 depicts a typical frequency response measurement setup for MIMO identifica-
tion. The system under test is a 2 x 2 matrix that has two inputs and two outputs, from which
each input signal is coupled to both outputs. In the setup, two system signals are perturbed
by separate injections (r; and r,), the system responses are measured, and the frequency re-
sponse is calculated as a ratio between responses using Fourier methods. In order to measure
the frequency responses of such a MIMO system, the sequential measurement approach us-
ing the conventional MLBS requires at least two separate measurements. The identification
can be performed as simultaneous measurements by applying uncorrelated sequences 7, and
7, that perturb different frequencies jw, and jw,, respectively [P1]. Perturbing the first
input signal (#,) with r,(j w,) causes a response in both output signals y, and y, at j,. This
makes it possible to calculate frequency responses G, (jw,) and G, (jw,). Correspondingly,
the second input signal (x,) is perturbed at j cw,, which also results in a response in both out-
put signals, but at different frequency jw,. This makes it possible to calculate the frequency
response of G, ,(jw,) and G,,(j w,). Therefore, the measured MIMO transfer matrix can be

written as

yl(ja)1,z) — G1,1(jw1) Gl,z(j wz) ”1(]‘6‘)1) (3 5)
yz(jw1,z> GZ,l(jwl) Gz,z(jwz> 142<].0)2>
G(/w1,z)

where columns of G(j w, ,) are identified at different frequencies, determined by the applied

uncorrelated perturbations 7 (jw,) and 7,(j w,) [P3].

The uncorrelated sequences can be produced from conventional MLBS by applying a
Hadamard modulation [85]. The technique is based on modulating original MLBS with
rows of a Hadamard matrix, which is a 2 x 2" matrix, where M denotes the number of

required uncorrelated sequences. A general Hadamard matrix can be given as

H H
HM — M-1 M-1 (3 . 6)
H, M1 —H, M1

where the first-order (M = 1) matrix is H, = [1] and higher-order matrices can be produced
recursively. For generating two uncorrelated sequences (M = 2), the Hadamard matrix can

be given as
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Figure 3.4 OBS1 (MLBS) and OBS2 in time domain and their power spectra in frequency domain.

H H, 1 1
H,= = (3.7)
H —H, 1 =1

1

The length of the modulating sequence doubles after each increase in number of generated
uncorrelated sequences. As a result, the sequence length of the i™h orthogonal sequence is
doubled compared to the length of the (i —1)™ sequence. Due to the inverse-repeating prop-
erty of the Hadamard modulation, the even-order harmonics of each uncorrelated sequence
are mitigated to zero. Mitigation of the even-order harmonics provides uncorrelated charac-
teristics of the sequences, because those even-order harmonics are included in the spectrum
of the other sequences [85].

Fig. 3.4 shows an example of two orthogonal sequences obtained by the Hadamard mod-
ulation. Both sequences are generated at 1 kHz with equal time-domain amplitudes. The
first sequence (OBS1) is a conventional 15-bit-long MLBS and the second sequence (OBS2) is
obtained by modulating the original MLBS with rows of the Hadamard (H,) matrix, which
is equivalent to inverting every other digit [86]. The resulting second sequence is orthog-
onal with respect to the original MLBS and has inverse-repeated characteristics; that is, the
even-order harmonics are mitigated. Fig. 3.4 shows the power spectra of the orthogonal
sequences, including a 15-bit-long OBS1 (blue) and corresponding OBS2 (red). The power
spectrum of both orthogonal sequences follows the sinc? function in which the power drops
to zero at the generation frequency [85]. The frequency resolution of two orthogonal se-
quences equals to each other, but the lowest frequency of OBS2 is halved compared to OBS1.
As a result, the sequences have different frequencies over the spectrum. As the sequence
length and amplitude define the energy content of the binary signal, the power of the dou-
ble length OBS2 is approximately doubled at certain harmonics compared to single period of
the OBS1. However, this is compensated over the common period of the orthogonal binary
sequences, as two periods of the OBS1 can be repeated during a single period of the OBS2
[P1].
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3.1.3 Accuracy of Frequency-Response Measurements

The accuracy of the frequency-response measurements can be assessed, for example, by vari-
ance 0%, where o denotes variation around the expected value of variable. Higher variance
indicates increased variability between consecutive measurements and errors around the ex-
pected value. As the frequency response is a ratio between the input and the output signals
(G(jw)=Y(jw)/U(jw)), variance of the frequency-response measurements can be consid-
ered as a combination of variations in the signals Y(jw) and U(jw) [29].

Considering the measured responses (3.1), the system distortions are always present and
cause steady-state variation in measured input and output signals. By increasing the pertur-
bation amplitude A, the proportion of the system distortions is reduced in the measured
responses (#,(¢) and y,(¢)). The signal-to-noise ratio (SNR) is defined as a power ratio be-
tween the desired signal and the system distortions, as

P A

_ T _ r\2
SNR= = () (3.8)

d

where P_and P, are power of the response and distortions, respectively. This can also be given
by the ratio of squared amplitudes (A, and A,). If the system noise level remains constant,
doubling the excitation amplitude increases the SNR by a factor of four. The measurement
variance is inversely proportional to the SNR, so higher perturbation amplitude increases
the measurement SNR and mitigates variance between the consecutive frequency-response
measurements. It should be noted that the output signal depends on magnification of the
system under test (Y (jw) = G(j w)U(j w)). Therefore, the transfer functions with a signif-
icant attenuation produces low output SNR, even for high perturbation amplitudes, which
makes them more difficult to measure [87].

Periodic excitations allow the measured data to be averaged over multiple repeated pe-
riods (P). By averaging measurements over P periods, the impact of the non-periodic dis-
turbances can be reduced. This decreases the variance of the measured frequency response,

which can be written as [29].

P P _ o
Gl 0) =Gl = 5 D[V, )Y, ()] [T lieo)-T ()] 69)
=1 p=1

ol
P P
where subscript p denotes order of the periods and Exp denotes the expected (reference)
value. Therefore, the variance is proportional to the inverse number of averaged periods,
assuming that all periods are measured in steady-state conditions without transients.

In conclusion, measurement accuracy depends on system disturbances, perturbation de-
sign, and magnification of the measured system. Accuracy can be evaluated by the measure-

ment variance, which is inversely proportional to the SNR. Dependency of the measurement
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variance to the SNR value, and adjustable perturbation amplitude A and averaged periods P,
can be written as
, 11 1
oc°~——n~— and — (3.10)
SNR A2 P

3.1.4 Injection Design for Grid-Connected Systems

The design of the injection required for the frequency-response measurement of a grid-con-
nected system can be divided into two parts. In the first part, the following specification

variables are defined:

e Measurable bandwidth (f))
e Frequency resolution (f. )
e Measurement time (7. )

meas.

e Measurement quality, approximated by variance (%) or SNR

Impact of the perturbation to the grid currents and voltages, for example, by produced
total-harmonic distortion (THD)

In the second part, the injection parameters are adjusted so that the desired specification
parameters are satisfied. The design parameters for the MLBS-based frequency-response mea-

surements can be giVCIl as:

e Generation frequency (f. )

gen.

e Sequence length (N, )
e Perturbation amplitude (A)

e Number of averaged periods (P)

The spectral properties of the MLBS mainly depend on the sequence length and gen-
eration frequency. The generation frequency determines the measurable frequency band
(= 0.44f ). Thus, the generation frequency must be set high enough to obtain accurate
measurements from a wide enough frequency band. If an unnecessarily high generation fre-
quency is applied, a greater amount of the MLBS energy will be injected to frequencies out
of the interesting frequency band. The sequence length must be adjusted so that both the
frequency resolution and the lowest measured frequency (f = /.., = f../Ny,;) are satis-
fied. The measurement time is proportional to the sequence length. As the MLBS exist
in relatively limited lengths (N, ,, = 2” — 1), the use of longer sequences must be carefully
considered because it significantly increases the measurement time [77].

In general frequency-response measurements, high SNR is the most desired in order to

obtain accurate measurements. The SNR is typically increased by applying higher injection

59



>
I
!
1
7

QJ ~
he) \
= N
%. gziﬂ\
€ & \
< & \
Nl \
9 P A
/’, \
4 H 1
Faster Measurements -/ Desifciugy {
D /’ General Measurements
il
/| .
| Desired for Real-Time al Averaging
“ Measurements /’ !
7/’
3 4 i
\ ,/’ H
\ P4 1
\ ¥4 i
AY %4 T
N4 : =
A P
o
~ \ \ : g
e R
=1
\ %

Figure 3.5 Impact of injection amplitude and averaged periods to measurement properties.

amplitude or averaging the measurements over multiple periods as shown in (3.10). How-
ever, increasing the injection amplitude or the number of averaged periods causes an un-
avoidable tradeoff between the measurement accuracy (SNR) and performance of the online
measurements or generated distortions of the grid-connected inverter [34]. This is illus-
trated in Fig. 3.5, where a red sector represents the desired characteristics for the general
frequency-response measurements and the blue sector shows the real-time measurements of
the grid-connected systems. Increasing SNR by applying higher excitation amplitude causes
more distortions (THD) to the grid and averaging over multiple periods increase the mea-
surement time, which is not desirable in real-time measurements [P3]. Therefore, the trade-
off between measurement accuracy and performance of the online measurements system
must be considered in the design process [87].

Spectral Leakage

In the frequency-response measurements, the measured signals are transformed into the fre-
quency domain, which is usually performed by the discrete Fourier transform (DFT). The
measured signals are sampled at certain time intervals 7' (sampling time) and buffered to
time series with a length of N = kT, where k is number of samples. For a given time series

x(kT), where k =0,1...N_—1, the discrete Fourier transform can be given as

N,—1
1 ts .
X k = — E X k] e j2mk T /N, 3.11
( ) /—MS — ( s) ( )
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where X (k) is the given time series transformed to the frequency domain. Due to the
discrete-time data and use of the DFT, X (k) include frequencies f(k) = k/(T.N), where
k=0,1..N,—1[88].

The applied perturbation and the DFT must be synchronized so that the discrete spec-
trum of the DFT (3.11) includes the frequencies that are perturbed, for example, by the
MLBS. This is achieved by adjusting the sampling time as 7, = 1/(,f, ) where b, is an inte-
ger, and the length of the buffered time series as N = b,N,,, .. where b, is an integer. The lack
of frequency synchronism causes perturbation energy to leak other frequencies through the
DFT. This is known as spectral leakage and it degrades the measurement accuracy [89].

Periodic system disturbances may also cause spectral leakage through the DFT, if they
do not appear at frequencies of the discrete spectrum of the DFT. In the grid-connected
systems, the periodic disturbances typically arise from the grid harmonics (harmonics of the
fundamental grid frequency f). Therefore, the periodic system disturbances can be taken
into account in the measurement-design process. The spectral leakage of the grid harmonics
can be minimized by designing the measurement setup so that the integer number of the grid
fundamental cycles (and thereby its harmonics) occurs in the obtained time series that are
being Fourier-transformed. The number of the grid fundamental cycles that occur during

the measurement time can be given as [P2]

%pfg:aem (3.12)

where the perturbation (MLBS) is generated at f,

gen

and averaged over P periods, and [ is
a grid fundamental frequency. The number of grid fundamental cycles is divided into the
integer part (R) and the fractional part (), from which the non-zero r indicates that the
spectral leakage will appear in the frequency-response measurements. The time difference
AT between the measurement time and the nearest multiple of the periodic cycle can be
given as [P2]

AT = abs[]\[}’[LBS Pfg—round(MPfg)} L (3.13)

féon f;;cn f;
where the operator round gives the nearest integer of the grid fundamental. By varying
design parameters affecting the measurement time, such as the number of averaged periods,
the local minimum of the spectral leakage is expected when AT(P) (and r) is minimized,
representing the proposed measurement design.

For the MLBS-based frequency-response measurements, the following design procedure
yields parameters to minimize the spectral leakage [P2].
1. Adjust £ = m(2f,), where m is an integer.
e Converter switching frequency f, may restrict the possible choicesas £ = f, /e,
where e is an integer.
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2. Choose P = f_/f. or a multiple thereof.

o T, . .=P(Nyy/f..) =a(l/f), where a is an integer.

meas

e This resultsina =N and, thus, T fundamental

MLBS includes exactly R =

meas MI BS

grid cycles and » =0.

3. N, can be chosen without restrictions to satisty the desired measurement character-

1stics.

As a result of the proposed design procedure, an integer amount of the grid fundamental
cycles (and consequently, its harmonics) are being measured. Therefore, the spectral leakage
caused by grid-voltage harmonics is avoided. The same design process applies for the mul-
tivariable measurements performed by the orthogonal sequences, but the averaged periods
P of the original MLBS must be adjusted so that the total measurement time includes the

common periods of the applied orthogonal sequences.

3.2 Adaptive Control of Grid-Connected Inverters

The remainder of this chapter introduces control design for the grid-connected inverter and
proposes methods for adaptive operations. In this thesis, a cascaded control system for the
grid-connected inverter is applied and a design process for each control loop of the cascaded

control system is introduced, including

e Synchronous reference frame phase-locked loop (SRF-PLL)

e AC current control loop with digital notch filter

e Grid-voltage feedforward
e DC voltage control loop
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Figure 3.6 Simplified adaptive control scheme of grid-connected inverter.
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Fig. 3.6 shows a simplified control system of the three-phase grid-connected inverter that
is synchronized to the grid voltages by a phase-locked loop (PLL). The control-design proce-
dure is mainly based on the inverter small-signal model, introduced in Chapter 2. The grid
characteristics are identified in real time, and compensated by the adaptive methods. The grid
impedance is identified for adaptive control of the PLL, online loop-gain measurements of
the current-control loop are performed for the adaptive current control, and output current
THD is observed for adjusting the gains of the grid-voltage feedforward. The DC voltage
controller is not significantly affected by the grid-conditions, and is therefore not adaptively

controlled by grid measurements in this thesis.

In each feedback loop of the cascaded control system, the conventional Pl-type con-

trollers are applied. The transfer function for the PI-type controller can be written as [71]

GPI :Kp + 5 — KPS +Ki — KPI<5/(a)z-PI> + 1)
N

(3.14)
N N

where the K and K are the proportional and integral gains respectively or, alternatively, the

controller can be tuned by the controller gain K, and the controller zero w .

3.2.1 Phase-Locked Loop

The inverter control system is typically synchronized to the grid by means of the PLL. Con-
trol design of the PLL has a major effect on the impedance-based stability margins of the
grid-connected system, as the PLL dominates the inverter output admittance (2.41) within
the control bandwidth, determined by the PLL loop (2.29). Below the PLL bandwidth, the
qg-component of the inverter output admittance loses its passivity as the phase stays at 180
degree and the magnitude constant, approximately at 7, ,/V., [73]. This is often referred
to a negative-resistance-like behavior of the inverter output admittance, which may cause
impedance-based stability issues when the inverter is connected to a grid with significant
(inductive) grid impedance. Phase response of mainly inductive grid impedance is close to
90 degrees, which causes high phase difference (a maximum of 270 degrees) in impedance-
based stability analysis. The stability issues occur when high PLL bandwidth is connected
to a significant grid impedance, where the system minor loop gain Y, (jw)Z (jw) (2.6) has
significant magnitude at frequencies within the PLL bandwidth [90].

Considering the PLL loop gain (2.29), the actual plant consists of an integrator (1/s)
with a constant gain (V) that depends on the voltage level of the grid. This simple structure
makes it possible to provide straightforward control-tuning procedure, where the PLL loop
gain phase margin (©,,,) and crossover frequency (f,,,;,) can be fixed. The proposed tuning

procedure considers the loop characteristics at f,,,,,, where the loop magnification is 0 dB
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and s = j27f, ., - This yields the following equation group [P4]

Vv
<2—0; > Ko
A2 fitom

vV, >
— K (3.15)
< 2 nﬂW-PLL P

K 1%
14(—1800 +0 ) — <K + i-PLL > od
PM p-PLL 2 f];W'PLL Py AW_PLL

cot(—180°+0,,) =

where the desired phase margin ©,,, determines the ratio between the imaginary and real
parts of the PLL loop gain, while the final control gains set the loop magnification (0 dB)
at fiym.- By solving the equation group, the controller gains defined by the desired PLL
control bandwidth can given as [P4]

K K . 2mcot(—180° + G)pM)fE;WrPLI.

ip — Lpprr
2 3.16
KP—PI.I. = = fl;W—PI.I. ( )
V,4/cot(—180° +0,, )2 +1

The tuning procedure can be applied in adjusting the PLL control bandwidth suitable to the
grid conditions. As the phase margin of the controlled closed-loop system is clearly linked
with overshoot of the control responses [71], the constant phase margin and adjustable band-
width make the PLL responses more predictable.

Adaptive SRF-PLL Based on Sensitivity Function

Due to possible impedance-based stability issues caused by negative-resistance-like charac-
teristics of the inverter output admittance and high grid impedance, overly high PLL band-
width must be avoided when the inverter is connected to a weak grid [36]. However, overly
conservative PLL tuning decreases the voltage tracking performance, which affects accuracy
of the grid synchronization and the overall control performance of the grid-connected in-
verter. Consequently, designing the PLL bandwidth is a tradeoff between the inverter con-
trol performance and the system robustness, because the high bandwidth is the most desired
in low-impedance grids, but causes impedance-based stability issues in high-impedance grids.
Therefore, the adaptive control of the PLL based on the real-time grid-impedance measure-
ments is proposed [P4]. In the adaptive-control scheme, the impedance-based stability is
improved in weak grids by decreasing the bandwidth. Correspondingly, the control perfor-

mance is improved in strong grids by increasing the bandwidth.

Design of the adaptive PLL is based on the sensitivity function (2.14), which can be ap-
plied as an indicator for the robustness of the grid-connected system and, in this case, for the

control performance. When the inverter small-signal model is known, the system sensitivity
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Figure 3.7 Flowchart of adaptive PLL design process and application.

function can be evaluated by the real-time measurements of the grid impedance. Desired sys-
tem robustness can be assessed by limiting the sensitivity peak (2.15). The sensitivity limit
can be chosen arbitrarily as a good trade-off between the control performance and robust-
ness; the higher limit allows the use of higher PLL bandwidths, but also an increased amount
of distortions. By adaptively re-adjusting the PLL control parameters based on the real-time
grid-impedance measurements, the maximal PLL bandwidth in chosen stability boundaries
can be achieved. Consequently, the system sensitivity peak is kept constant in varying grid
conditions and the maximal voltage-tracking performance under each grid impedance is pro-

vided.

The proposed design process for the adaptive PLL yields a continuous function from the
grid-impedance measurements to the PLL bandwidth. Fig. 3.7 shows a flowchart of the de-
sign process and application of the adaptive PLL, proposed in [P4]. The design process begins
by modeling the grid impedance (2.43) over a wide range of inductive reactance values and the
inverter output admittance (2.41) over a wide range of PLL bandwidths (3.16). The sensitiv-
ity peak is computed for each modeled pair of the PLL bandwidth and grid-impedance value.
Next, the sensitivity limit is chosen, which operates as a design rule for the adaptive PLL.
Based on the chosen sensitivity limit, the desired PLL bandwidth for each grid-impedance
value is selected from computed sensitivity peaks so that the chosen sensitivity limit is satis-
fied under every grid impedance. In the last step of the design process, a continuous function
is fitted to the discrete pairs of the PLL bandwidth and grid-impedance values. In the appli-
cation, the PLL parameters are adaptively re-adjusted based on the real-time grid-impedance
measurements. Therefore, dynamical performance of the adaptive control depends heavily

on the accuracy and update time of the real-time measurements.
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Figure 3.8 Current-control loop with digital filter and grid-voltage feedforward.
3.2.2 Current-Control Loop

The current-control loop acts as the innermost control loop of the cascaded control system
and has a major effect on the quality of the produced power. Fig. 3.8 shows the block-
diagram representation and related transfer functions of the load-affected current-control
loop, from which the system stability can be assessed similar to the impedance-based stability
analysis [91]. The transfer matrices are divided into direct (dd and qq) and cross-coupling
components (dq and qd). The load effect (2.42) is added into the open-loop transfer functions
and denoted by superscript L. The current controllers are denoted as G, and G for the
d and q channels, respectively. Additional digital filters in the loop are denoted by G, and
G- The DC voltage controller and grid synchronization are omitted from the model as
they have significantly lower bandwidth than the current-control loop. The current-control

loop gains can be written as

G, G .G .G G G

Lcc,d — Gc,dd Gj;_‘,.dd Gf,dd _ Tedd Teoodq Thqq eqq ~ cooqd ~ Fdd (3. 17)
(1 + Gc-qq Gc%"O'qq Gf-qq)
G G G,.G G- G
LCC—q — Gcrqq GCI; - Gf,qq _ Teqq Tcooqd Tidd Lc-dd coo-dq T Eqq ( 31 8)
( 1+ Gc-dd Gco-o-dd Gf-dd)

The inverter is able to effectively mitigate distortions from the output current within the
control bandwidth of the current-control loop. However, overly high control bandwidth or
magnitude of the loop gain magnifies the switching ripple or may cause impedance-based sta-
bility issues. Therefore, PI-controller gains of the G_, and G must be adjusted so that the
loop provides the desired mitigation of the distortions, but avoids magnifying the switching
ripple and causing impedance-based stability issues. The grid impedance significantly affects
the current-control loop through the load effect and weakens its control performance; for
example, the ability to mitigate distortions from the produced currents. Additionally, if the
LC (LCL) filter is applied as an AC filter, stability issues may arise in weak grids where the
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Figure 3.9 Adaptive current controller based on online loop-gain measurements.

grid inductance magnifies the LCL-resonance peak and affects its frequency (2.45) [35].

Adaptive Current Control Based on Loop-Gain Measurements

In order to avoid the stability issues caused by the grid-affected LCL resonance, a digital
notch filter can be added to the current-control loop (G, and G, in Fig. 3.8) to mitigate
the resonance peak [92]. In this thesis, a second-order notch filter with a unity quality factor
is applied. The transfer function of such a filter can be written as

s+ W)

G=——"7-—"7—"— 3.19
bs24 wys 4w G-19)

where wj 1s center frequency of the notch filter. To effectively mitigate possible stability is-
sues, the center frequency of the notch filter should be adjusted as near to the LCL-resonance
peak (2.45) as possible. Due to the narrow frequency band of the notch filter and the possi-
bly varying frequency of the grid-atfected LCL-resonance [35], adaptive adjustment of the
notch filter based on online measurements of the current-control loop gain is proposed in
[P5]. The stability issues in a weak grid can be avoided by accurately adjusting the central fre-
quency of the notch filter to the high-frequency maximum of the measured current-control
loop. Additionally, the use of the notch filter allows higher gains for the current control
loop, and thus improved performance of the current control.

As increased grid-impedance decreases the bandwidth of the current-control loop, the
control gains must be re-adjusted in a weak grid in order to achieve the desired control perfor-
mance and adequate power quality. The proposed self-tuning technique in [P5] is to perturb
the current-control loop at the selected bandwidth frequency (f,,,..) and adaptively re-adjust
the controller gain so that the loop magnification is 0 dB at that frequency. Selection of the
bandwidth can be made arbitrarily, depending on the desired loop characteristics. However,
in order to achieve similar control performance in very weak grids as in a strong grid, the
control gains may have to be increased to values that make the controller output to satu-
rate. This usually sets practical limitations to the controller. Additionally, applying higher
gains magnify external disturbances in the system, which must be taken into account when

determining the desired loop characteristics.
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Fig. 3.9 shows the adaptive procedure based on the online loop responses (/L | and |L|)
at the perturbation frequency f,, .. The adaptive procedure is implemented by a feedback
controller that regulates the magnitude difference of the responses to zero by re-adjusting
gain of the current controller. When the magnitude difference is zero, the loop magnifica-
tion at f,, .. 1s 0 dB, so the desired bandwidth of the current-control loop is achieved. Apply-
ing the adaptive current controller and adaptive notch filter in the current-control loop can
mitigate the high-frequency stability issues, improve the performance of the current-control

loop, and, consequently, enhance the produced power quality.

3.2.3 Grid-Voltage Feedforward

The grid-voltage feedforward is applied to mitigate circulation of the grid-voltage harmonics
to the inverter output currents. The grid-voltage harmonics circulate to the inverter output
currents through the inverter open-loop output admittance (Y ), which can be mitigated by
the grid-voltage feedforward [77]. This is achieved by an additional feedforward path (L.,)
for grid voltages, as shown in Fig. 2.5. In the ideal case, without impact of, for example, the
control delay and effect of the PLL, the feedforward matrix can be calculated as

—1

_ Gcodd-o Gcoqd-o _Yodd-o _Yoqd-o 320
fhideal — ( . )
d _Yd —Y,
codg-o coqq-o odg-o 0qq-o

Solving the equation yields a second-order transfer function for the inverter with the L filter
[73].

Generally, the feedforward schemes are sensitive to disturbations, especially due to deriva-
tive terms introduced by higher-order transfer functions. Therefore, analytically defined
high-order feedforward gains do not operate well in the realistic conditions where back-
ground noise and disturbations are present [93]. Due to that, equations are simplified and
the higher-order feedforward transfer functions are reduced to proportional gains, which are

less sensitive for the external disturbances.

By neglecting the cross-coupling components of small-signal model of the inverter output
admittance (2.41), the model can be simplified and the ideal feedforward gains for direct

components can be giVCl’l as

3D?
s24 s+ o=t

K _ _}]odd—o _ Ll 2CLI
FF-dd — -
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where denominators are divided to two parts. The first part (O, and O, ) is second-order

and O, ) hasa

relatively small effect compared to the first part and depends on the output currents (pro-

1-dd
function and dominates the function characteristics. The second part (O,,,
duced power). Active power affects the d-component and reactive power affects the q com-
ponent; both are equal to zero when no power is generated. Due to the small effect and
dynamics that depend on the typically highly varying power, the second part of the denom-
inator (O,,, and O, ) is omitted from the analysis.

The simplified modeling yields symmetrical proportional feedforward gains for both

channels, solved as
3D2

52 + s + s 2L, 1
KFF-dd = , % 3D = _V
o\ S _L_15_2CL1) K
2 + 5 e 302
2CL, 1
KFF-qq = R " SDZ = _7 (3.22)
Vi(—s —L—15—2CL1) c

The proportional gains compensate the inverter output admittance at low frequencies and
are not very sensitive to the external disturbances. Thus, the proportional gains improve
the power quality in realistic conditions by mitigating the low-order harmonics that arise
from the distorted grid voltages [77]. In high frequencies, the control delays weaken the
performance of the grid-voltage feedforward. Varying power, quality of the grid voltages,
inverter dead time and grid impedance also affect the feedforward performance [94].

Adaptive Grid-Voltage Feedforward Based on Perturb-and-Observe Algorithm

Although the proportional grid-voltage feedforward is not particularly sensitive to distur-
bances, it still has a dualistic impact on quality of the produced power: it effectively miti-
gates low-order harmonics arising from distorted grid voltages, but is also shown to magnify
inverter internal distortions caused, for example, by the dead time [94]. Therefore, in the
ideal grid conditions, the feedforward merely magnifies the inverter internal disturbances,
thereby decreasing the quality of the produced power. However, when the inverter is ideal or
connected to highly distorted grid voltages, the feedforward effectively improves the power
quality. As a consequence, the optimal gain for the feedforward path, that minimizes the

THD from the produced power, depends on the inverter characteristics and grid conditions.
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The THD-minimizing gain for the proportional grid-voltage feedforward depends on
multiple parameters of the grid-connected system that usually vary over time; for exam-
ple, the amount of generated power, quality of the grid-voltages, and the grid impedance.
Additionally, the inverter model does not include the dead-time effect that mainly causes
the internal disturbances, and therefore has an important impact on the THD-minimizing
gain. Consequently, analytical assessment of the THD-minimizing gain is relatively difficult
and may vary over time. Therefore, the adaptive control based on the perturb-and-observe
(P&O) algorithm is proposed in [P6] for improving the performance of the grid-voltage feed-
forward, thus enhancing the produced power quality. The P&O algorithm is widely used in
PV systems’ maximum power-point tracking (MPPT) for optimizing the energy yield [95].
The popularity of the algorithm is based on its simple implementation, where the PV-array
voltage is perturbed and the output power is observed. The direction of the next voltage step
is defined based on an observed effect on the output power. Therefore, the P&O algorithm
does not require prior knowledge of the system.

In the proposed adaptive feedforward, the feedforward gain is perturbed and the effect
on the output current THD is observed. The proportional gain is perturbed by step-wise
changes A =X /V., where X  is a constant between 0 and 1 and determines the step
size. During the adaptive process, the gain of the proportional grid-voltage feedforward can
be written as

K =K'+A (3.23)

pert

where 7 is integer (index for consecutive steps) and K:! denotes the previous gain value.
The direction for the next step (£4,,) is defined by the observed effect of the previous step
to the output current THD. If the THD decreases (power quality enhances), the next step is
taken in the same direction; if the THD is increased, the next step is taken in the opposite
direction [P6]. The proposed adaptive feedforward has a plug-and-play feature, as it reaches

the THD-minimizing gain autonomously without accurate models of the system under test.

A drawback of the algorithm is that it continues perturbations even when the optimal
value has been found. Thus, the algorithm makes the perturbed variable oscillate around
the desired value [95]. The oscillation amplitude is equal to the applied perturbation-step
size (A ). A lower step size indicates slow tracking in changing conditions, whereas higher
steps increase oscillations. The step size should be high enough to perturb the system so
that the increase or decrease in the observed value can be detected. Another critical value
of the P&O algorithm is the time interval between the perturbations (7', ), which should
be longer than the system settling time, caused by the perturbation, to avoid misleading
observations. However, longer time intervals make the P&O algorithm slower in terms of

finding the desired values after a change in operation conditions or during start-up.
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3.2.4 DC Voltage Control

The DC voltage control acts as the outer loop of the cascaded control system. The DC
voltage control removes the necessity of an additional DC-DC converter between the source
and the inverter, and adjusts reference for the output current d-component. The DC voltage
controller is adjusted so that the loop stability is ensured and impact of the grid harmonics
are mitigated from the DC voltage reference. This determines the higher and lower limits
for the bandwidth design of the DC voltage control loop (2.40), which is considered when
tuning the DC voltage controller.

Stability of the DC voltage control loop may be compromised when the PV operates
at lower voltages than MPP. The PV generator has an output impedance that depends on
the operating-point and introduces a source effect for the inverter, similarly to how the grid
impedance causes the load effect. When the operation voltage of the PV is low, the right-
hand-plane (RHP) zero appears in the inverter transfer functions through the source effect
[96]. The RHP zero becomes an unstable pole when the loop is closed. However, by ad-
justing the bandwidth of the control loop higher than the RHP zero (closed-loop pole), the
system can be stabilized [64]. Therefore, the maximum frequency of the zero is an impor-
tant design parameter for the DC voltage control loop. The frequency at which the zero is
located depends on the operating point and can be approximated as [76]

0, = (3.24)

U €

where the 1,, and U, are the DC-side current and voltage, and C is the DC capacitor. The
frequency reaches the maximum value when the operating voltage of the PV generator is at
its minimum and the current is at its maximum. The absolute minimum for the DC voltage
is two times the amplitude of the grid voltages. The maximum current can be approximated
by the short-circuit current of the PV generator or rated power of the inverter. Applying
these considerations makes it possible to determine the lower limit for the bandwidth of the
DC voltage control loop.

In the DQ domain, unbalanced grid voltages produce double grid-frequency oscillations
into the control system. These oscillations circulate to the DC voltage, and thereby to the
current d-component reference if not mitigated in the DC voltage control loop. Therefore,
the bandwidth of the DC voltage control loop should be adjusted so that the sufficient at-
tenuation at the second grid harmonic is provided. This introduces the higher limit for the
bandwidth of the DC voltage control loop.
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4 IMPLEMENTATION AND VERIFICATION

This chapter introduces the practical implementation of the proposed methods and presents
the most important results obtained. The first section introduces the experimental power
hardware-in-the-loop (PHIL) setups. Implementation and verification of the proposed meth-
ods are divided into two parts: the real-time measurement methods and the adaptive-control
methods.

The second section presents the practical implementation of the real-time identification
methods. Performance of the real-time measurement methods is introduced by three exper-

imental sets, given as follows.

Experiment 1:
Measurement setup for the real-time measurements of the DQ domain grid impedance
is introduced [P1]. The applied perturbation design is presented and the accuracy of
the obtained results is analyzed. The results illustrate benefits of the proposed design

procedure that minimizes the spectral leakage caused by the grid harmonics [P2].

Experiment 2:
Implementation for the stability analysis is presented, where the impedance-based sta-
bility of a grid-connected system is based on the real-time grid impedance measure-
ments and the analytical inverter output admittance is performed. The results are
visualized by the GNC loci, which is updated in real time. Obtained GNC loci are
applied to assess the system stability and to predict stability with different control
designs of the inverter [P3].

Experiment 3:
The real-time loop-gain measurements are performed and the current-control loop of
a grid-connected inverter is measured under different grid impedances. The results il-
lustrate how the increased grid impedance decreases control bandwidth of the current-
control loop and affects the high-frequency resonance peak of the applied LC-filter
[P5].

The third section introduces the design process and implementation of the proposed adaptive-
control methods for the grid-connected inverter. Each proposed method is verified through

simulations or experimental tests and the control performance, achieved by the proposed
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adaptive methods, is compared to the conventional control designs. The adaptive methods

are presented and verified as follows.

Experiment 4:
Implementation of the grid-voltage feedforward applying P&O algorithm is intro-
duced. The algorithm adaptively adjusts the feedforward gains so that THD in the
inverter output current is minimized. The obtained results and produced power qual-

ity are compared to the conventional grid-voltage feedforward implementations [P6].

Experiment 5:
Practical operation of the proposed self-tuning method for the current-control loop
and adaptive adjustment of the digital notch filter are presented. Both methods are
based on the loop-gain measurements and re-shape the current-control loop so that
the system stability and control performance are improved. During the adaptive pro-
cess, online loop-gain measurements of the current-control loop are presented and the

control performance of the adaptively adjusted loop is analyzed [P5].

Experiment 6:
The design process for the adaptive PLL based on the system sensitivity function is
introduced. In the practical implementation, the low-frequency sensitivity peak of
the grid-connected system is kept constant by adaptively re-adjusting the PLL param-
eters based on the real-time grid-impedance measurements. The experimental results
show the improved system stability and voltage-tracking performance of the PLL un-
der varying grid-conditions [P4].

4.1 Experimental Setups

Two different experimental setups are applied; Experimental Setup 1 operates at high power
(200 kVA) and Experimental Setup 2 at down-scaled power (2.7 kVA). Both of the setups are
power hardware-in-the-loop (PHIL) setups designed for testing the three-phase grid-connected

PV inverter with real power and hardware.

Experimental Setup 1

Experimental verification of the real-time measurement methods with higher power was
performed at DNV GL Flexible Power Grid Lab (FPGL). Fig. 4.1 shows the PHIL setup,
which is made up of 200 kVA Egston power amplifiers and driven by an OPAL-RT real-time
simulator. An individual power amplifier consists of six parallel half-bridge converters with
an equivalent switching frequency of 125 kHz. The closed-loop bandwidth of the power

amplifiers is 5 kHz, which means they can be applied to emulate three-phase inverters, as
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Figure 4.1 PHIL setup in DNV GL Flexible Power Grid Lab.

shown in [97]. The power amplifiers can be freely configured to act as sources or loads
depending on what kind of power system architecture is studied. Hardware impedance can

be placed between amplifiers, for example, to emulate the grid impedance.

Experimental Setup 2

Fig. 4.2 shows the PHIL setup that includes a three-phase grid emulator (linear amplifier,
Spitzenberger Spies PAC 15000), a PV emulator (Spitzenberger Spies PVS7000), a three-phase
inverter (Myway Plus MWINV-9R 144), an isolation transformer, and a set of passive compo-
nents with a relay in order to vary the grid impedance. A real-time simulator (dSPACE) runs
the control system of the inverter, which enables testing of the proposed control schemes
with the real hardware. Additionally, a measurement card (NI USB-3636) is applied in some

experiments to gather and store the measured data.
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Table 4.1 Steady-state parameters of the inverter at nominal power.

V. 414V I 6.6 A | w, | 2m-60rad/s | P, | 27kVA
V. | V2120V | v, ov | f 8 kH 7| 180

s

Ly | 106A | D, | 04122 | D, 0.0213 C | 10uF

k]

C 1.5 mF L 0.1Q L, 2.2mH
Table 4.2 Control parameters.
DC Voltage Current Control PLL Feedforward

Kp—nc Kipc KprCC Kicc Kp—PLI. Koy Gain

Set1 (Reference) 0.0962 1.209 0.0149 23.44 0.6723  38.0189 0

Set2 (PLL) 0.0962 1.209 0.0149 23.44 3.315 1000 0

Set3 (CC) 0.0962 1.209 0.0224  35.16 0.6723  38.0189 0
Set4 (GV-FF) 0.0962 1.209 0.0149 23.44 0.6723  38.0189 0.0012

The inverter operating point, at nominal power (2.7 kVA) and connected to (120 V /
60 Hz) grid, is given in Table 4.1. Four examples of the control-parameter sets are given
in Table 4.2. Parameter Set1 (Reference) is applied as a reference for comparing the results,
obtained by the adaptive control. Higher PLL bandwidth (100 Hz) is applied in Set2. Con-
troller gains of the symmetrical (d and q channels) current controllers are increased in Set3.

The grid-voltage feedforward is applied in Set4, where the feedforward gain is set to 0.5/ V.

4.2 Experiment 1: Grid-Impedance Measurements

Considering the grid-connected systems in the DQ domain, full-order transfer functions are
represented as 2 x 2 matrices that include direct (dd and qq) and cross-coupling (dq and qd)
components. In order to simultaneously measure full DQ domain transfer matrices, two

uncorrelated sequences must be applied to perturb both d and q channels as presented in
[P1, P2, P3].
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Figure 4.4 Generation of two orthogonal binary sequences, OBS1 and OBS2.

Fig. 4.3 shows a grid-connected three-phase inverter that is configured to identify fre-
quency response of the DQ domain grid impedance. Fig. 4.4 shows practical implemen-
tation of the excitation generator, which is included in the inverter control system. The
excitation generator continuously generates two orthogonal binary sequences (OBS1 and
OBS2), which are injected on top of the current reference d- and q-components. Conse-
quently, the inverter generates current perturbations to the grid. From measured responses
in the grid voltages and currents, the frequency response of the DQ domain grid impedance
can be obtained in real-time, during otherwise normal system operation [P1]. The real-time
measurement can be applied for stability analysis [P3] or for estimating grid indicators, such
as grid reactance [P4].

In the practical implementation, illustrated in Fig. 4.3, a second PLL (PLL2) is used for
DQ transformation in the real-time identifications [P1]. PLL2 has lower bandwidth than the
lowest measured frequency by OBS1 or OBS2 because the applied PLL regulates the obtained
voltage g-component zero within its bandwidth, and thus, degrades the grid-impedance mea-
surements inside the bandwidth [86]. PLL1 does not affect the measurements; it can have
higher bandwidth and is applied for grid-synchronization of the inverter control system.

The real-time grid-impedance measurements are performed with high power levels ap-
plying the Experimental Setup 1. In the experiments, a simple power-system architecture
is studied, where a single inverter is connected to the power grid through an impedance.

Therefore, two power amplifiers are used; one (AMP1) is configured to emulate a three-phase
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inverter and the other (AMP2) emulates (230 V, 50 Hz) a three-phase grid. A three-phase in-
ductive component (= 0.5 mH) is placed between the power amplifiers as a hardware grid
impedance. Voltages of AMP2 (representing the grid voltages) are highly distorted by white
noise and periodic oscillations. The periodic oscillations are generated as follows. A single
phase is in 20 % unbalance and all phases include 5 % of positive sequence 24 and 7*” har-
monic as well as negative sequence 24 and 57 harmonic. In the DQ domain (50 Hz grid),
the unbalance occurs at 50 and 100 Hz and harmonics at 50, 150, and 300 Hz.

For the full DQ domain grid-impedance measurements, the current injections are gener-
ated to the grid by continuously injecting OBS1 and OBS2 on top of the current reference
d and q components of AMP1, as illustrated in Fig. 4.3. The length of OBS1 (MLBS) is
2047 bits and the corresponding OBS2 4094 bits. Both sequences are generated at 5 kHz,
so the frequency resolution is 2.44 (5000/2047) Hz. The currents and voltages are measured
from the output terminal of the power amplifier that emulates the inverter (AMP1). The
data is captured by a measurement card (NI USB-6363) and operated by the MATLAB/Data

Acquisition Toolbox.

In order to illustrate importance of the measurement design process (3.1.4) in minimizing
spectral leakage caused by the periodic oscillations, the number of averaged periods is var-
ied between measurements. Fig. 4.5 shows the measured grid impedance with two different
numbers of averaged periods. The blue lines represents one of the proposed measurement
parametrizations (P = 100), where the spectral leakage of the grid harmonics is minimized
as the sampled data (measurement time) include exactly full periods of the grid fundamental
frequency (50 Hz) and harmonics. The red line represents otherwise similar parametriza-
tions, but the number of the averaged periods is increased (P = 108). A higher number of
averaged periods increases SNR but, in this case, the measurement time does not include
exactly full periods of the grid fundamental frequency when P = 108. Therefore, the DFT
(3.11) does not produce the spectral line at 50 Hz and its harmonics, the periodic oscillation
leak to other frequencies; therefore, the grid-voltage unbalance and harmonics deteriorate

the measurements through the spectral leakage.

Grid-impedance measurements were performed with a high number of averaged periods
(P = 200). Sampled voltages and currents were divided to sub-records with the length of
varying averaged periods (P = 2k, where k is an integer), and the grid impedance was com-
puted by Fourier methods. Fig. 4.6 shows the variance sum of each DQ domain component
to their reference, an averaging trend line, and the time difference (3.13) to grid fundamental
frequency (AT (50H z)) and second harmonic (AT (100H z)) with varying number of aver-
aged periods P. The variance follows the averaging trend line, but significantly decreases at
local minimums of AT(50H z). Therefore, the local minimums of AT (50H z) determine
the proposed measurement parametrization, so it is strongly recommended that the design

rules given in Section 3.1.4 be followed in order to avoid spectral leakage in the measurements

[P2].
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Figure 4.5 Measured grid impedance using orthogonal injections.
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Figure 4.6 Variance over different averaging periods.

In order to illustrate the appearance of the spectral leakage more efficiently, Fig. 4.7
shows the measurement variance as a function of frequency with three different P. The red
bars (P = 184) show variance when measurement parameters are chosen as local minimum
of AT (100 Hz), which mitigates the spectral leakage of even-order grid harmonics (here 100
and 300 Hz). The blue bars (P = 176) represent parameters where the spectral leakage is not
considered. Finally, the black bars (P = 168) show variance when the measurement parame-
ters are chosen from the local minimum of both AT (50 Hz), and consequently AT (100 Hz).

This mitigates the spectral leakage from all grid-harmonic frequencies, which represents one

of the proposed measurement designs.
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Figure 4.8 Real-time measurements of two grid impedances.

4.3 Experiment 2: Real-Time Stability Analysis

Verification of the real-time stability analysis is performed applying Experimental Setup 2
(shown in Fig. 4.2), where the hardware grid impedance can be varied by switching the
by-pass relay of additional impedance components in the grid-side. The stability analysis is
based on the analytical inverter output admittance and the real-time measurement of the mul-
tivariable grid impedance. The impedance-based stability is assessed by the real-time GNC
loci (2.9) that is updated when new grid-impedance measurement is obtained. Therefore, the
accuracy and updating time of the GNC loci depends on the real-time measurements of the
grid impedance.

The grid-impedance measurements are performed similar to Experiment 1; the current
perturbations are generated to the grid by injecting orthogonal sequences on top of the in-
verter current references. However, the GNC loci requires information from all DQ do-
main components at each studied frequency. Therefore, all of the DQ domain components
are measured by both sequences (OBS1 and OBS2) during a single measurement cycle. This
is implemented by first injecting the OBS1 to the d-component (OBS2 to the q-component),
and in the middle of the measurement cycle, the order of the sequences is changed so that
the OBS1 is injected to the g-component (OBS2 to the d-component). Consequently, each
component of DQ domain grid impedance is measured by both OBS1 and OBS2, and the
GNC-loci can be computed.

In this experiment, the measurements are performed by a 127-bit-long OBS1 and the cor-

responding OBS2 with symmetrical 0.3 A (less than 3 % of nominal current). Both sequences
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Figure 4.10 Real-time GNC loci (a) and stability predictions of different control-parameter sets (b).

are generated at 4 kHz. All components of the DQ domain grid impedance are measured by
both sequences, so the combined frequency resolution equals to 15.75 (4000/(2 x 127)) Hz.
The number of averaged OBS1 periods (for each component) is P = 20, so double-length
OBS?2 is averaged over 10 periods. Fig. 4.8 shows real-time measurements (7, & 1.27 s) of
the multivariable grid impedance with two grid-inductance values L, =3 mHand L , =5
mH, which translates to the equivalent short-circuit ratio (SCR) of 14.1 and 8.5, respectively.

A grid transient from relatively strong to relatively weak grid is performed when high
PLL bandwidth (control-parameter Set2 in Table 4.2) is applied. Fig. 4.9a shows the critical
GNC loci based on the real-time grid-impedance measurements given in Fig. 4.8. In the ex-
periment, the grid inductance equals to 3 mH (SCR = 14.1), then the bypass relay is switched
off and the grid inductance increases to 5 mH (SCR = 8.5). Changed grid-impedance dete-
riorates the measurements during the transient, which means that the GNC loci obtained
during the transient cannot be applied to assess the stability. After the transient, the inverter
is connected to 5 mH grid and the obtained GNC loci is close to critical (-1 + jO) point. This
indicates low stability margins, verified in Fig. 4.9b by the phase current, recorded during
the change in the grid impedance. The harmonic resonance occur after the grid-impedance
transient and verifies low stability margins, which is caused here by overly high PLL band-
width and high (inductive) grid impedance.

In the next experiment, the obtained GNC loci of the grid-connected system is applied

as an aid for the control tuning procedure of the inverter. In order to achieve accurate sta-
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bility analysis of the system, the GNC is based on online grid-impedance measurement,
where measurement accuracy and frequency resolution are improved at the expense of in-
creased measurement time. A 2047-bit-long OBS1 and corresponding OBS2 are applied to
measure each component of the DQ domain grid impedance, similarly as in the previous
experiment. Both sequences are generated at 4 kHz and the combined frequency resolution
is 0.98 (4kHz /(2 x 2047)) Hz. OBS1 is averaged over 20 periods (OBS2 over 10 periods) for
each component. This yields a relatively long measurement time 7~ 40's, which means it
cannot usually be considered as a real-time measurement. Fig. 4.10a shows both GNC loci
(A, (jw) and A,(jw)) of the inverter applying control-parameter Set1 (Table 4.2) and con-
nected to 7 mH (SCR = 6.1) grid impedance. The circle around the critical point determines
the desired stability margins by limiting the shortest allowed distance of the GNC loci to the
critical point (2.10). Here the distance is limited to d, = 1/2 but can be adjusted arbitrarily.
Fig. 4.10b shows the online stability analysis for control-parameter Set1 and stability predic-
tion for other control-parameter sets from Table 4.2. The stability predictions are based on
the analytical models of the inverter output admittances with different control parameters
(Set2, Set3 and Set4 given in Table 4.2) and the online measurements of grid impedance at
current inverter operating conditions. Set3 (increased gain in current controllers) and Set4
(grid-voltage feedforward applied) would satisfy the adjusted stability limit, but increasing
the PLL bandwidth (Set2) violates the stability limit, so it is not proposed in these grid con-

ditions.

4.4 Experiment 3: Online Loop-Gain Measurements

Online loop-gain measurements of the current-control loop reveal impedance-based stability
information and the inverter performance can be predicted. This experiment is performed
by applying Experimental Setup 2, where the LC-filter is applied. In the experiment, a 2047-
bit-long MLBS is generated at 4 kHz, which provides a frequency resolution of 1.95 Hz.

Magnitude (dB)
- o

/
104 Hz 181 Hz

. Phase (deg)

Frequency (Hz)

Figure 4.11 Online measurements of current-control loop gain under various inductive grid impedances.
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The MLBS is injected to the loop and the loop responses are measured as shown in Fig 3.9.
Fig. 4.11 shows the online measurements of the current-control loop under three different
grid impedances. In the control-design process the loop bandwidth is set to 300 Hz. The
blue line represents online measurement in nearly ideal grid conditions (0 mH grid), where
the effect of the grid impedance is negligible. Black (4 mH grid) and red (9 mH grid) lines
represents the loop gains when significant grid impedance is present and affects the loop
characteristics. For example, when the inverter is connected to a 9 mH grid (red line), the
bandwidth is decreased to as low as 104 Hz. Additionally, higher grid impedance affects the

LC resonance ,which is magnified, and the peak appears at lower frequency.

4.5 Experiment 4: Adaptive Grid-Voltage Feedforward

In this section, practical implementation of the adaptive grid-voltage feedforward based on
the P&O algorithm is applied. The algorithm adaptively adjusts the THD-minimizing gains
in different conditions by observing the produced inverter output currents. The obtained
results are compared to the conventional implementations in different grid conditions.

The grid-voltage feedforward gains have a dualistic impact on quality of the produced out-
put current: higher gains mitigate impact of the grid voltage harmonics, but magnify inverter
internal distortions caused, for example, by the dead time. Therefore, THD-minimizing
gain is a tradeoff between the dualistic impact. The THD-minimizing gain equals zero from
the dead-time perspective and 1/V to most effectively mitigate the grid-voltage distortions.
The P&O algorithm is proposed to adaptively adjust the THD-minimizing gain of the grid-
voltage feedforward during the otherwise normal operation of the inverter. Fig. 4.12 shows
a block diagram of the adaptive-control scheme and the applied P&O algorithm. In the
implementation, the grid-voltage feedforward gain is perturbed by A at certain time inter-
vals T, and THD of the output current is observed after the perturbation. Direction of
the next perturbation step of the feedforward gains is based on the observed THD so that
the increased THD always changes the direction. The feedforward gains are symmetrically

adjusted for the d and q channels.

Figure 4.12 Implementation of P&O algorithm that minimizes output current THD.
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Figure 4.13 Impact of grid-voltage feedforward gain in different operating conditions.

The proposed approach for the adaptive grid-voltage feedforward is tested with a switch-
ing model of the three-phase grid-connected inverter in MATLAB/Simulink, simulating Ex-
perimental Setup 2. The operating conditions are given in Table 4.1 and the control param-
eters (Setl) are given in Table 4.2, where the grid-voltage feedforward gains are obviously
varied by the P&O algorithm. The inverter dead time is included in the model by delaying
the turn-on signals of the inverter switches. The grid impedance is kept constant in each
simulation (r, = 0.4 Q, L_= 0.9 mH) and the grid disturbances are realized by introducing
harmonics to grid voltages. The DC voltage is kept at the maximum-power point (414 V).
—0.05/V..
The interval between perturbations is 7, = 0.2's and the THD is averaged over 0.15 s in

t

In the simulations, the perturbation size of the P&O algorithm is chosen as A_

order to reduce misleading predictions during the adaptive process.

Fig. 4.13 illustrates the dualistic impact of the grid-voltage feedforward. The propor-
tional feedforward gain is scanned from 0 to 1.1/V,, and the output current THD is ob-
served. Two different inverter dead times 2 us and 5 us ( representing 1.6 % and 4 %
of the inverter switching frequency, respectively) are applied. In the ideal grid, the THD-
minimizing gain of the grid-voltage feedforward equals zero as higher gain increases the THD
of the output currents. However under non-ideal grid voltages, the THD-minimizing gain
of the grid-voltage feedforward varies between 0 and 1/ V.. This THD-minimizing gains can
be adaptively found by observing the THD of the output currents, as proposed in [P6].

The implementation has a plug-and-play feature, as the P&O algorithm independently
finds the THD-minimizing gains in interfaced grid conditions. Fig. 4.14 shows the output
current THD and the feedforward gain during the inverter start-up in two different grid con-
ditions. The inverter is connected to a grid with low () and high (b) harmonic content. Dead
time of 5 us is applied in both tests. In order to avoid first transients, the P&O algorithm is
enabled 0.6 s after the inverter is connected to the grid. The feedforward gain increases by
0.05/V_ at 0.2 s intervals until the THD-minimizing gain is achieved. The THD-minimizing
gains equals t0 0.5/ V, (in 1.8 seconds) and 0.7/ V (in 2.4 seconds) for grids with low and high
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Figure 4.14 Adaptive performance during inverter start-up under relatively low (a) and high (b) grid-voltage

distortions.

harmonics, respectively. Compared to the zero feedforward gain (observed at 0.5 s), the adap-
tively adjusted grid-voltage feedforward decreases the output current THD by 3 % in grids
with low harmonic content and by 14 % in those with high harmonic content.

Fig. 4.15a shows the adaptive process under varying grid conditions, and compares per-
formance between the conventional (zero and 1/V_ gains) grid-voltage feedforward imple-
mentations. The inverter is started up under ideal grid voltages and the adaptively adjusted
feedforward gain (blue line) oscillates around zero. The observed THD is obviously similar
to the zero gain (red dots), but 5 % higher with 1/V, gain (grey dashed line), in which the
internal distortions of the inverter are magnified through unnecessarily high gains in the grid-
voltage feedforward. At 2 s and 10 s the grid-voltage harmonics are increased. After the first
increase in harmonics, it takes 2.4 s for the P&O algorithm to reach the THD-minimizing
gain of 0.6/ V_ under slightly distorted grid voltages. The adaptive implementation produces
8 % lower THD than both conventional implementations, which produce approximately
equal THD. After the second transient, it takes 1.6 s for the P& O algorithm to reach the
new THD-minimizing gain (0.9/V,). Due to highly distorted grid voltages, the zero gain
produces significantly higher current THD than the constant 1/V,.. However, the THD-
minimizing gain produces THD that is more than 7 % lower than 1/V_ gain and 21 % lower
than zero gain. The drawback of the P& O algorithm is that the gains start oscillating around
the THD-minimizing gain by A_ . The feedforward gain remains at the THD-minimizing

gain half of the oscillation cycle (4 7' ), while the gain is improperly adjusted by A during
the other half of the cycle. However, the effect on the output current THD is negligible
compared to the benefits of the adaptive grid-voltage feedforward.

Figures 4.15b and 4.15¢ show individual harmonics of the output current, obtained be-
tween 7-9 s and 12-14 s during the experiment (Fig. 4.15a). Higher feedforward gain effec-
tively mitigates the low-order harmonics, arising from the grid voltages, especially 37¢ and
5t For example, under high grid harmonics, the 3 rd harmonic can be mitigated over 70 %
by using 1/V,, gain, and over 60 % with adaptive (= 0.9/V,) gain compared to the constant
zero gain. However, high feedforward gain magnifies higher-order harmonics arising from

the inverter internal distortions.
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Figure 4.15 Performance comparison during grid transients (a), current harmonics under slightly distorted grid (b)
and highly distorted grid (c).

4.6 Experiment 5: Adaptive Current-Control Loop

In this section, adaptive methods for the current-control loop and the digital notch filter are
implemented inside the inverter control system. Methods are based on the online loop-gain
measurements and re-shaping of the current-control loop. The impact on the current-control
loop is illustrated and improvements in the power quality are verified through experimental
tests.

The adaptive procedure of the current-control loop adjusts the controller parameters so
that the loop magnification is O dB at the chosen bandwidth frequency f,..; that is, the
bandwidth is kept constant under varying grid conditions. The selection of the bandwidth
can be made arbitrarily, depending on the desired loop characteristics. System delays and
the LCL resonance between the filter and the grid impedance usually set the upper limit
for the gains, which can be increased significantly by applying the proposed adaptive notch
filter. However, in order to achieve high bandwidth in weak grids, very high controller
gains are required. High controller gains magnify external disturbances and may saturate
output of the current controller, which must be considered when determining the desired
loop characteristics and maximum controller gains.

During the inverter start-up, the online measurements of the current-control loop are
performed by the MLBS. Fig. 4.11 has provided examples of the MLBS-based loop mea-
surement under three different grid impedances. Based on the measured current-control
loop, the center frequency (w,) of the adaptive notch filter (3.19) is adjusted to the fre-
quency in which the high-frequency resonance peak appears. This high-frequency reso-
nance peak is caused by the resonant pole of the LCL filter (2.45). Here the resonance
peak is observed above 1000 Hz because the lowest possible frequency of the LCL resonant
pole between the applied LC filter and the grid inductance (that corresponds to SCR value
of 1.0) is approximately 1100 Hz. However, frequency of the resonant pole depends on
the applied LC or LCL filter and must be re-considered for different systems.
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For a practical implementation, the notch filter (3.19) must be discretized. This can be

performed by the Tustin approximation, yielding

G, = u(k) [a — bzt +az_2] —y(k)[—bz‘l + cz_z] (4.1)

where z7!

is the unit delay, determined by the sampling time 7, of the control system, de-
fined here by the inverter switching frequency £, = 8 kHz. Based on the determined central

frequency, the parameters for the digital notch filter can be adjusted as

wg =woT/2
D=1+w,;+w,
2
a:l+wd (4.2)
D
B 2(1—1—0)(21)
D
l—wd—i—a)s
‘=D

Fig. 4.16 shows a block-diagram presentation of the parametrization process of the discrete

notch filter, where the center frequency w, is determined by the online loop measurement.

After the start-up process and adjustment of the digital notch filter, the adaptive process
of the current controller is launched. Fig. 4.17 shows a practical implementation of the adap-
tive process. First, the desired bandwidth (f,,..) is determined and the loop perturbed by a
small-amplitude sinusoidal current at f, .. The loop responses (L, and L) are measured
and fed to the adaptive controller where they are compared in a synchronous frame, rotating
at f,,. In the synchronous frame, amplitudes of the loop responses can be observed. The
amplitude difference (L, (fiy.co)l = [Lovr(fawce)]) 1s regulated to zero by the Pl-controller,
whose output adjusts the current-controller gains, thereby affecting particularly to the am-
plitude of L_.(f;y.cc)- Consequently, magnification of the current-control loop is regulated
to 0 dB at the frequency of the desired bandwidth when the amplitude difference is regulated
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Figure 4.18 Operation of the adaptive control.

to zero. Symmetrical controllers are applied in the d and q channels.

Basic operation of the proposed adaptive re-adjustment of the current controller is illus-
trated through the simulation in MATLAB/Simulink. The Experimental Setup 2 is simu-
lated, the system parameters are given in Table 4.1, and the inverter control parameters of
Set1 (given in Table 4.2) are applied, where gains of the current controller are adaptively re-
adjusted. Fig. 4.18a shows the adaptive operation during the inverter start-up. During the
first second, the MLBS measurement of the current-control loop gain is performed and the
notch filter is adjusted. Here, the desired loop bandwidth is chosen to be 300 Hz, so the loop
is perturbed by sinusoidal current at that frequency. The Pl-controller adjusts the current
controller gains so that the amplitude difference of L, (300H z) (grey line) and L (300H z)
(blue line) is regulated to zero, which means the desired bandwidth is reached. The suitable
controller gains are found approximately at 3 s when the amplitude of L ,(300H z) equals to
L, (300H z) amplitude. The lower parts of the figure illustrate the amplitude difference dur-
ing the adaptive process at 1.4 s (b) and after the current-controller gain is properly adjusted
at 4.8 s (c).

The experimental verification of the proposed methods is performed applying Experi-
mental Setup 2. The adaptive process is performed similarly as in the simulations and the
300 Hz bandwidth is adaptively adjusted. In order to illustrate re-shaping property of the
adaptive method, the online measurements of the current-control loop gain are obtained

after each step of the adaptive process, given as
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e After grid connection, with control-parameter Set1 (Table 4.2).

e When the adaptive notch filter is adjusted based on the high-frequency maximum of

the previous loop-gain measurement.

e When bandwidth of the current-control loop is adaptively adjusted.

The measurements are performed by a 2047-bit-long MLBS, generated at 4 kHz, yielding
1.95 Hz frequency resolution.

Fig. 4.19 shows MLBS-based online loop-gain measurements during the adaptive process
when the inverter is connected to a weak (9 mH, SCR = 4.7) grid. The grey dashed line
represents the analytical loop gain when the load effect is neglected from the analysis and
the bandwidth is set to 300 Hz. The red line shows the online loop measurements when the
inverter is connected to the grid but the adaptive process is not launched. The bandwidth
is significantly decreased when the grid impedance is present. Based on the measurement,
the central frequency of the notch filter is adjusted to 1150 Hz, where the load-affected LC-
resonance peak occurs. The black line shows the loop gain when the notch filter is added to
the loop, and the resonance peak is clearly mitigated. After adjusting the notch filters, the
bandwidth is adaptively adjusted to 300 Hz, as illustrated in Fig. 4.18. The blue line shows
the final current-control loop gain, when the notch filter has mitigated the resonance peak
and the adaptive process has adjusted the desired 300 Hz bandwidth. Without a properly
adjusted notch filter, increasing gains of the current controller cause impedance stability
issues and harmonic resonance around the LC-resonance peak.

The control performance of different current-control loops is tested in a weak grid, where
high grid impedance usually decreases control performance. In the experiment, an inverter
is connected to a similar grid impedance (9 mH, SCR = 4.7), as in the previous experiment.
A slight unbalance and third harmonic are generated to the grid voltages in order to produce
distortions at 120 Hz and 180 Hz. Under such conditions, the distortion-mitigating ability of
different current-control loops are tested. The upper part of Fig. 4.20 shows the magnitudes

of each tested current-control loop, obtained by the online loop-gain measurements. The
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Figure 4.20 Effect of the loop gain under a weak grid with 374 harmonic and voltage unbalance.

blue line represents the proposed method, where the bandwidth is adaptively set to 300 Hz.
The other two lines represent control designs that yield loop bandwidths below 180 Hz
(grey line) and 120 Hz (red line) under such grid conditions. The lower part of the figure

#d 374 and 4'%) observed during normal operation of

shows output current harmonics (2
each tested current-control loops, where the colors match the loop magnitudes in the upper
part of the figure. It can be seen that the harmonics are effectively mitigated within the
bandwidth of the current-control loop. With the lowest bandwidth (red line) of 110 Hz,
a significant amount of 120 Hz (2" harmonic) and 180 Hz (3¢ harmonic) distortions are
produced. The loop (grey line) with a 160 Hz bandwidth is able to mitigate 2”¢ harmonic
distortion but not the 374 harmonic. The adaptive loop (blue line) with 300 Hz bandwidth

effectively mitigates all present low-frequency distortions.

4.7 Experiment 6: Adaptive Control of Phase-Locked Loop

This section presents practical implementation of the adaptive SREF-PLL based on the real-
time grid-impedance measurement. The resulting improvements in the inverter control per-
formance in varying grid conditions are verified through the experimental tests. The results
show that adjusting the PLL bandwidth with respect to the grid conditions is highly benefi-
cial for system performance and stability.

The design of the adaptive SRF-PLL is based on the system sensitivity function (2.14),
which can be applied as an indicator for the robustness and, in this case, for the control per-
formance. By adaptively re-adjusting the PLL bandwidth based on the observed changes in
the grid impedance, the sensitivity peak (2.15) can be kept at a constant value. The sensi-
tivity limit should be carefully chosen as a good trade-off between the control performance
and robustness; a higher limit allows the use of higher PLL bandwidths, but also an increased
amount of distortions.

Fig. 4.21 shows analytical sensitivity functions, computed for the Experimental Setup 2,
below 300 Hz when the inductive grid reactance (a), grid resistance (b), and the PLL band-
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Figure 4.22 Implementation of adaptive SRF-PLL.

width (c) are increased. When the inverter control system is kept constant, the grid reactance
clearly increases the sensitivity peak (2.15), but the resistance has a negligibly small effect.
Higher PLL bandwidth in constant grid conditions increases the sensitivity peak, so this ad-
justable system parameter has a major effect in the system robustness. Consequently, when
the inverter model is known, the low-frequency sensitivity function can be evaluated by the
grid-reactance measurements. Therefore, the system sensitivity peak can be kept constant
by adaptively re-adjusting the PLL bandwidth based on the grid-reactance measurements.
Fig. 4.22 shows a general-level implementation of the adaptive process, where the measured
grid reactance is applied in adaptive control of the PLL.

The PLL bandwidth can be adjusted by its PI-controller gains, shown in Fig. 4.22. The
control gains depend on the voltage level of the grid, so the tuning procedure is performed for
the Experimental Setup 2 (V., = v/2 x 120V). The PLL controller is tuned so that the phase
margin of the PLL loop gain remains at 65 degrees for every bandwidth. By substituting
V., =+/2x 120V and ©,, = 65° into (3.16), the controller gain can be computed as

Kp-PLL = 0'0336f;§W-PLL

’ (4.3)
K-PLL = O ° 09 8 3f1‘3WVI’LL
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where the proportional gain (K ,,, ) is linearly depended on the desired PLL bandwidth while
the integral gain (K, ,) has squared dependency.

The function from the grid reactance to the PLL bandwidth is determined based on the
analytical sensitivity peaks below 300 Hz (see Fig. 4.21). The sensitivity peaks are computed
for various inverter output admittances and grid impedances by substituting them as pairs
into equation for the sensitivity function (2.15). Here the grid impedance is modeled with
inductive reactance values varying from 0.038 to 4.0 Q2 (resolution 0.038 2), which corre-
sponds to equivalent SCR from 421 to 4. The grid resistance is kept constant (r, = 0.1 £2)
due to its negligibly small impact on the system sensitivity (see Fig. 4.21). The inverter out-
put admittance is modeled with a PLL bandwidth resolution of 1 Hz and limited between
1 and 180 Hz. An appropriate PLL bandwidth is determined for every grid-reactance value,
so that the bandwidth-reactance pair satisfies the chosen sensitivity limit. For example, Fig.
4.23a shows the PLL bandwidths that satisfy most accurately the sensitivity limit of two (red
line) and three (blue line).

In the final step of the design process, the continuous function from the grid reactance to
the PLL bandwidth is fitted based on the reactance-bandwidth pairs. In these experiments,
the sensitivity limit of three is chosen as the adaptive rule, representing the blue line in Fig.
4.23a, to which the continuous function is fitted. A least-square regression and third-degree
polynomial function are applied in the curve fitting process. Fig. 4.23b shows the fitted
third-order function (black dashed line), which can be written as

Jowr = —13.43X7 +111.24X? —327.03X +357.90 (4.4)

The final controller gains are generated by substituting (4.4) into (4.3) as

— 3 2
K, =0.0336(—13.43X? + 111.24X? —327.03X_ +357.90)

(4.5)
K., =0.0983(—13.43X> 4+ 111.24X? —327.03X_+357.90)°

The real-time measurement system determines important properties of the adaptive per-
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formance, such as, reaction time to the grid-impedance transients. A rapid increase in grid
impedance may destabilize the system, so the fast reaction time is required from the measure-
ment system. The grid-impedance is measured by the MLBS, from which the grid reactance

at fundamental grid frequency can be computed as

X=—""""xw (4.6)

where Im[Z (w)] is imaginary part (reactance) of the measured grid impedance, w is the
angular frequency, and w, is the fundamental frequency (27760 Hz). The reactance can be
estimated at multiple frequencies of the grid-impedance measurement. Therefore, results
from different frequencies can be considered as individual estimates, which are not polluted
by same disturbances. Because the estimation procedure (4.6) cannot process high resonance
peaks correctly, the reactance estimations are obtained below 400 Hz, where high resonance
peaks are considered to rarely appear. Additionally, identified frequencies are chosen so that
dominating periodic distortions are avoided, which in the DQ domain (60 Hz grid) are un-
balanced grid voltages (oscillations at 120 Hz) and the fifth harmonic (appears at 360 Hz).
The third (in-phase) harmonic occurs only in the zero component and does not affect the
measured d component. The final reactance value is given as a median from estimates at mul-
tiple frequencies. This reduce measurement errors, but does not increase the measurement

time similar to conventional averaging over many measurement cycles.

The performance of the adaptive PLL is verified by experimental tests applying Experi-
mental Setup 2. Grid-side impedance is varied by switching the by-pass relay of the additional
hardware inductance located between the inverter and the grid emulator. The relay is located
very near to the inverter output terminals, which means that switching produces drastic tran-
sient in the grid conditions; for example, to PCC voltage and the actual impedance. Thus,
the experimental test are performed in extremely challenging conditions for the adaptive
performance.

In the experiments, a 31-bit-long MLBS is generated at 1 kHz and injected on top of the
current reference d-component with 0.1 A (< 1 % of the nominal current) injection am-
plitude. This provides a frequency resolution of 32.3 Hz and measurement time of 31 ms.
The grid reactance is given as a median from estimates at five different frequencies, chosen
as 193.5 Hz, 225.8 Hz, 258.1 Hz, 290.3 Hz, and 322.6 Hz. These frequencies are below 400
Hz and are not significantly polluted by neither 120 Hz nor 360 Hz oscillations. The grid-
reactance measurement is filtered through a first-order low-pass filter with a time constant
of 1sin order to reduce fluctuations of the PLL bandwidth at the steady state. However, the
slow time-domain filtering is by-passed when a rapid change in grid impedance occurs. If the
measured grid reactance (prior filtering) is 0.5 2 greater than the filter output, the control in-
terprets this as an rapid grid-impedance change and injects an impulse-like signal (multiplies

the latest estimation by 10) to the measured grid reactance. This decreases the PLL band-
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Figure 4.24 Adaptive control during changes in grid impedance.

width within tens of ms, so that the stability is preserved even in drastic grid impedance

changes, such as grid faults.

Fig. 4.24 illustrates the operation of the adaptive control and shows how the PLL control
parameters follow the grid-reactance estimates under varying grid impedance. The system is
connected to a relatively strong grid (SCR & 10.0), the grid-reactance measurement is settled
around 1.65 Q, and the PLL bandwidth is adaptively adjusted approximately to 60 Hz. At 2s,
asudden increase in grid impedance (SCR & 6.7) occurs that triggers the overshooting by-pass
of the slow reactance-estimation filtering, thereby decreasing the PLL bandwidth rapidly.
After the overshoot, the reactance estimation settles around 2.35 2 and the PLL bandwidth
to 29 Hz. The grid-reactance measurement decreases back to 1.65 Q2 at 6.5 s. Decrease in the
grid impedance does not trigger the by-passing operation of the slow filtering, meaning that

the original steady-state bandwidth (= 60 Hz) is adjusted after approximately two seconds.

Fig. 4.25 shows the performance comparison between two constant-bandwidth (40 and
50 Hz) PLLs and the adaptive PLL during a drastic increase in the grid impedance (grid fault).
First, the inverter is connected to a grid with approximately 2.1 Q2 grid reactance (SCR =
7.6) where the PLL bandwidth is adaptively adjusted around 40 Hz. The grid reactance is
suddenly increased to approximately 3.45 Q2 (SCR = 4.5) at 0.1 s, where the adaptive con-
trol proposes 2 Hz PLL bandwidth. The rapid increase in the grid impedance is noticed 50
ms after the transient, which triggers by-passing operation of the reactance-estimation filter.
Due to overshoot in the reactance estimation, the adaptive implementation (blue lines) de-
creases the bandwidth from 40 Hz to its lower limit 1 Hz. With the adaptively controlled
PLL, the oscillations in z, and v, (blue lines, figures in the middle) are effectively mitigated.
With a constant 40 Hz PLL (red lines), the voltages and currents continue to oscillate after
the transient, which indicates insufficient stability margins. The inverter with a constant 50
Hz PLL (gray lines) becomes unstable (or marginally stable) after the transient, extremely

high oscillations appear in the waveforms, and the system cannot recover from the grid-
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impedance transient. The right-hand side of the figure takes a closer look at i, during the
grid-impedance transient.

Fig. 4.26 shows the transient response in v, during a 30-degree phase jump in grid volt-
ages. Different PLL bandwidths are compared in a grid with approximately 2.1 Q grid reac-
tance (SCR = 7.6). For a chosen sensitivity limit of three, the adaptive procedure proposes
approximately 38 Hz bandwidth. In order to illustrate the sensitivity peak (limit) as an in-
dicator of robustness and control performance, the adaptive PLL is compared to higher (50
and 70 Hz) and lower (1, 10, and 20 Hz) bandwidths. As shown in the left-hand side of the
figure, oscillations are magnified when higher PLL bandwidths are applied. This indicates
increased system sensitivity, and therefore insufficient stability margins. The oscillations
are mitigated by using a lower PLL bandwidth. However, a lower bandwidth decreases the
voltage-tracking performance as the settling time of v, is increased. Here, the non-zero v,
means a momentary loss of the optimal grid synchronization that affects the whole DQ do-
main control performance of the inverter. Therefore, a good trade-off between high and low
bandwidths can be achieved by considering the desired value of the system sensitivity peak.

These experimental tests are chosen to demonstrate the performance of the proposed
adaptive re-adjustment of the PLL bandwidth based on the real-time grid reactance estima-
tion. Consequently, any specific fault types are not considered; instead, general-level be-
havior of the proposed sensitivity-function-based approach for adaptive SRF-PLL is demon-
strated.
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5 CONCLUSIONS

The number of grid-connected inverters used for grid integration of the renewable energy
has increased rapidly, which has started to affect the power-system dynamics, particularly in
areas where majority of the power is generated through the inverters. One of the main issues
arising from interactions between the inverters and the local power-system dynamics is the
harmonic resonance that indicates poor stability margins, leading to poor or even unstable
operation of the grid-connected system.

Stability of the grid-connected system can be assessed by an impedance-based stability
analysis, where system stability is assessed by a ratio between the grid impedance and the
inverter output impedance. The inverter output impedance is mostly determined by the ap-
plied control system. However, the grid impedance usually remains unknown, which pre-
vents the inverter output impedance from being customized, so that the impedance-based
stability is ensured in the grid-connection point. Additionally, the grid conditions typi-
cally vary over time, which makes the offline measurements and general models of the grid
impedance inefficient in terms of assessing the system stability. Therefore, in order to ensure
proper operation of a grid-connected system in varying grid conditions, real-time methods
for assessing and improving the system stability are preferred. One effective method is the
inverter adaptive control based on real-time measurements of the grid impedance.

Previous studies have presented broadband methods for frequency response measure-
ments that can be utilized in real-time measurements of the grid-impedance. In these meth-
ods, a broadband sequence such as an impulse or a pseudo-random binary sequence (PRBS)
is injected, for example, on top of the inverter control reference. The inverter output cur-
rents and grid voltages are measured and Fourier techniques are applied to obtain the grid
impedance. Such measurements are generally quite simple. However, real-time measure-
ments of the grid impedance present several challenges that arise from the special character-
istics of the grid-connected systems. One of the main issues is related to the grid voltages,
whose harmonics, unbalance, and other distortions affect the measurements. Another chal-
lenge is the impact of the perturbations to the generated power quality, which becomes par-
ticularly important when the real-time measurements are continuously performed. A com-
mon way of improving the accuracy of the frequency response measurements is to increase
the perturbation amplitude or number of averaged periods. However, the measurement time

and induced interference to the grid are usually strictly limited in the grid-connected system,
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which prevents the application of a high number of averaged periods or high perturbation
amplitude.

This thesis has investigated methods for fast online measurements of grid-connected sys-
tems that can be performed in real time. The pseudo-random sequences, such as maximum-
length binary sequence (MLBS), are applied as perturbations in the measurements. The
MLBS has widely modifiable spectral properties for different applications, and the sequence
itself has multiple good characteristics; for example, the sequence is easy to generate using a
simple shift-register circuit. In addition, the MLBS has a very low crest factor, which means
that the signal energy is very high with respect to the signal time-domain amplitude. Fur-
thermore, the MLBS is deterministic, which makes it possible to average the obtained results
over multiple repeated periods. Another type of pseudo-random sequences applied in the
thesis is orthogonal binary sequences. Such sequences do not have energy at common fre-
quencies, making them useful for measuring several frequency responses at the same time.
The sequences are useful particularly in the DQ-domain measurements of three-phase grid-
connected systems. Such measurements are typically composed of several different (coupled)
components. By applying the orthogonal sequences, the components can be simultaneously
measured during a single measurement cycle. This approach not only saves overall experi-
mentation time, but also ensures that each component is measured with the system in the
same conditions, which may not be the case if sequential perturbations are applied

The real-time measurements of the grid characteristics, such as the grid impedance, can
be applied to monitor and to adaptively improve the performance of the grid-connected sys-
tems. The stability-analysis method applied in the thesis is based on the generalized Nyquist
stability criterion and the real-time measurements of the grid impedance. The applied adap-

tive methods for the grid-connected inverter can be summarized as follows.

e The grid-reactance measurements are applied in adaptive control of the PLL. The
impedance-based sensitivity function is kept constant by adaptively re-adjusting the
PLL bandwidth based on the real-time measurements of the grid impedance. The
method ensures the system stability and the adequate voltage-tracking performance
in wide range of grid impedance values by maximizing the PLL bandwidth under cer-

tain stability limits.

e Online loop-gain measurements of the current-control loop are applied for the self-
tuning method, where current-control gains are re-adjusted online so that the desired
bandwidth under varying grid impedance is achieved. Similar measurements are used
to adjust the adaptive parameters of the digital Notch filter, which is added into the
loop to mitigate resonance peak between the applied AC filter and the grid impedance.
This improves the high-frequency stability and enables higher gains in the current-
control loop. As the grid-voltage harmonics are effectively mitigated within the con-

trol bandwidth of the current-control loop, the proposed method improves the power
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quality and makes the inverter performance more predictable.

e The produced output-current THD is observed in real time for adaptive control of the
grid-voltage feedforward. The adaptive method is based on the perturb-and-observe al-
gorithm that adaptively adjusts the feedforward gain so that the observed current THD
is minimized. The increased feedforward gain is shown to mitigate low-frequency dis-
turbances from the grid side, but to magnify the inverter internal disturbances. Con-
sequently, the THD-minimizing gain is a tradeoff between this dualistic impact of the
grid-voltage feedforward, which depends on quality of the grid voltages. The method
has a plug-and-play feature and does not require any prior knowledge about the grid

conditions.

The proposed real-time measurement and adaptive-control methods were verified by nu-
merous experimental power hardware-in-the-loop tests with real power and hardware. The
experiments demonstrated the performance of the real-time measurement methods and the
importance of the systematic measurement design. The adaptive operations were shown to
improve the inverter stability, produced power quality and transient performance when the

grid conditions experience drastic changes, such as grid faults.

Discussion and Criticism

The proposed measurement methods applying pseudo-random binary sequences were orig-
inally designed for measuring the linear systems. However, in some cases, the inverter and
grid dynamics may be highly nonlinear, especially when the local grid-connection point in-
clude multiple power-electronics devices nearby. The non-linear characteristics are not con-
sidered in this thesis, and they may decrease the measurement accuracy. To solve this issue,
recent studies have presented multilevel perturbation sequences, such as ternary sequences,
that perform more efficiently under non-linear conditions [98].

Although the methods presented in this thesis are applicable to a wide range of different
grid-connected systems, some drastic grid faults may cause overly high and sudden variations
in the grid impedance that prevent the presented methods from being applied as intended.
In such conditions, the impedance-based stability is not accurately assessed and the adaptive
operations may fail to react to the changes.

It may be obvious that, in many local areas, the grid conditions remain approximately
constant over time. In such cases there may be no need to apply continuous stability assess-
ment or adaptive control. However, the presented methods are still applicable, for example,
during start-up processes of the systems.

In the present thesis, the adaptive methods are implemented only for a single grid-con-
nected inverter. However, adaptive control of a single device does not significantly improve

the local power quality if other nearby devices perform poorly. Additionally, in adaptive
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control of multiple devices, some communication between the devices should be applied.
This is mainly because multiple devices should not simultaneously inject current injections

to the same grid-connection point and measure the same grid impedance.

5.1 Summary of Publications

[P1]

The paper presents a practical method for measuring the DQ domain grid impedance by
using an existing inverter. The measurements are based on the orthogonal binary sequences
and can be performed in real time. In the methods, the orthogonal binary sequences are
added on top of the inverter current references, and thereby injected to the grid as current
perturbations. This makes it possible to obtain frequency response measurement of the grid
impedance from the inverter output currents and grid voltages, which are already measured
for the inverter control purposes. Thus, the methods do not require any additional measure-

ment devices.

[P2]

The paper presents a perturbation design process to mitigate the effect of the grid-voltage
unbalance and harmonics from the frequency response measurements of the grid-connected
systems. The design method ensures that the integer amount of the grid fundamental cy-
cles is included in the total measurement time; this minimizes the spectral leakage caused by
grid-voltage harmonics and improves the obtained results, especially under poor grid volt-
ages. The effectiveness of the design method is verified by analyzing the total variance of

DQ domain grid-impedance measurements with different perturbations designs.

[P3]

The paper introduces a method for assessing the impedance-based stability in real time. The
method is based on the real-time measurement of the DQ domain grid impedance, multivari-
able small-signal model of the inverter output admittance, and generalized Nyquist stability
criterion. The impedance-based stability is visualized by the system eigenloci that is up-
dated in real time. The method is highly modifiable and can be used, for example, to obtain
accurate impedance-based stability margins or to provide rapid observations of the system

stability under varying grid conditions.

[P4]
The paper presents a practical implementation of the adaptive PLL for the grid-connected
inverters based on the real-time grid reactance measurements and the system sensitivity func-

tion. It is shown that the low-frequency sensitivity function of the grid-connected inverter
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can be accurately evaluated by the measured grid-reactance and the inverter small-signal
model. The PLL control parameters are adaptively re-adjusted based on the measured grid
reactance so that the system sensitivity peak is kept constant. Very fast measurement meth-
ods are applied and the adaptive system is shown to react to drastic grid changes within a few
tens of milliseconds. The adaptive method is shown to improve the overall control perfor-

mance and to ensure stability of the grid-connected inverter under varying grid conditions.

[p5]

The paper considers adaptive control of the inverter current-control loop based on the on-
line loop gain measurements. The grid impedance is shown to affect the loop stability and to
decrease its bandwidth, which degrades the harmonic-mitigating ability of the current con-
troller. The proposed adaptive methods can be divided into two main parts. First, the loop
gain is measured by the MLBS, the grid-affected high-frequency resonance peak is observed,
and parameters of the digital Notch filter are adjusted so that the observed resonance peak
is effectively mitigated. This improves system stability and makes it possible to use higher
gains in the current controller. In the second part, the bandwidth of the current-control
loop is adaptively re-adjusted based on the online loop-gain measurements. This is shown to
effectively mitigate the impact of the grid impedance from the current-control loop, thereby

improving the control performance under various grid impedances.

[P6]

This paper introduces an adaptive method for improving the performance of the grid-voltage
feedforward. The grid-voltage feedforward is shown to have a dualistic impact; it effectively
mitigates distortions from the grid side, but magnifies inverter internal distortions. There-
fore, the optimal feedforward gain depends on the local power quality. The adaptive method
is based on the perturb-and-observe algorithm that observes the output current THD in real
time and adjusts the feedforward gains so that THD is minimized, and thus enhances power
quality. The method has a plug-and-play feature and is shown to effectively adjust the THD-

minimizing feedforward gains without prior knowledge about the grid conditions.
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Implementation of Real-Time Impedance-Based
Stability Assessment of Grid-Connected Systems
Using MIMO-Identification Techniques

Roni Luhtala, Student Member, IEEE, Tomi Roinila, Member, IEEE, and Tuomas Messo, Member, IEEE

Abstract—Grid impedance has a major effect on the operation
of inverter-connected systems, such as renewable energy sources.
Stability of such system depends on the ratio of the inverter
output impedance and the grid impedance at the point of common
coupling. Because the grid impedance varies over time with many
parameters, online grid-impedance measurement acquired in real
time is most preferred method for observing the stability. Recent
studies have presented methods based on multiple-input-multiple-
output (MIMO) identification techniques where the stability of
grid-connected system is rapidly assessed in the dq domain. In the
methods, orthogonal injections are used with Fourier techniques,
and the grid impedance d and q components are measured. The
Nyquist stability criterion is then applied to assess the stability.
This paper extends previous studies, and presents a real-time
implementation for the online stability analysis using MIMO-
identification methods. The practical implementation is discussed
in detail and experimental results based on a grid-connected
three-phase inverter are provided to demonstrate the effectiveness
of the methods.

Index Terms—Frequency response, Impedance measurements,
Inverters, MIMO systems, Power electronics, Stability, Real time
systems

I. INTRODUCTION

The global energy-production trend is based on environmen-
tally friendly renewable energy. Most of the renewable energy
sources, such as wind and photovoltaic farms, are connected
to the utility grid through power electronic inverters. Rapidly
increasing utilization of power electronics have started to affect
the grid dynamics [1] and have already caused stability issues
[2].

One of the emerging problems in grid-connected systems is
harmonic resonance, which is caused by interactions between
inverter output impedance and grid impedance. The harmonic
resonance reduces the energy efficiency, and can even cause
instability and inverter disconnection from a power system.
[3]. These resonance phenomena are one of the main issues
limiting the total share of renewable energy resources in
power systems. Hence, new methods to identify the source
of harmonic resonances and to mitigate them are important
for both industry and academia.

The impedance-based stability can be assessed by the ratio
between grid impedance and inverter output impedance. A
grid-connected system will remain stable if the impedance
ratio satisfies the Nyquist stability criterion [4]. The underlying
problem of guaranteeing the impedance-based stability is grid
impedance, seen by the inverter, which has become major
parameter affecting the system stability. That is because the

renewable energy sources are often located in remote areas
with long grid-connecting cables, which introduces significant
impedance that can cause stability issues. Thus, online mea-
surements of the grid are required to guarantee stability in
real-world conditions.

Energy distribution system will be more complex in the near
future, including controllable loads, energy storage systems
and large amount of weather-dependent renewable energy
production [5]. Consequently, the grid impedance highly varies
over time as the route for power flow to its consumption
or energy storages change. Studies have already reported
significant differences in grid impedance when comparing day
and night-times [6]. This will necessitate online identification
of the time-varying grid impedance performed in real time in
order to accurately assess the system stability.

In recent years, there has been extensive research in online
stability assessment of grid-connected inverters. Online grid
or inverter impedance measurements for stability assessment
have been implemented by using various methods, such as
impulse response |7], multi-tone injections |8], sine sweeps
[9] and maximum-length binary sequence (MLBS) [10].

A grid-connected system can be considered as a multiple-
input-multiple-output (MIMO) system. Using Park transfor-
mation three-phase systems can be transformed to the syn-
chronous reference frame (dq domain) [11], in which three
AC signals are transformed into two DC signals (d and q
components). To guarantee system stability, both components
must be analyzed. Recent studies have introduced impedance-
measurement method based on orthogonal pseudo-random
sequences with which the (coupled) impedance d and q com-
ponents can be rapidly measured using only one measurement
cycle [12]. Similar techniques have also been applied in
single- and multi-converter DC systems [13], |14]. Applying
these methods reduces the total measurement time drastically
compared to conventional measurement technique where the d
and g components are measured separately. Another advantage
of the methods is that the complete dg-domain impedance
is measured under the same operating conditions, and thus,
variations in both component can be simultaneously seen.

This paper extends the work in [12], and presents an
implementation for real-time stability assessment of a grid-
connected system by using MIMO-measurement method. The
paper discusses the issues in practical real-time implementa-
tion, and presents steps to develop an informative diagnostic
tool for stability analysis of grid-connected systems. The
method is very versatile, and can be used for example in load



parameter estimation [15], adaptive control of grid-connected
converters [16] or in grid-connected PV plants to enable
effective post-fault diagnostics in a case of a disconnection
due to high harmonic currents, such as in [2].

The remainder of the paper is organized as follows.
Impedance-based stability analysis and modeling of the grid-
connected inverters are reviewed in section II. Section IIT intro-
duces methods for real-time MIMO-identification techniques
for grid impedance. Section IV presents steps to develop
practical implementation of real-time stability analysis tool.
Section V shows the applied laboratory setup, practical imple-
mentation of real-time measurement system and experimental
measurements. Section VI draws conclusions.

II. STABILITY ANALYSIS OF INVERTER-CONNECTED
SYSTEMS

A. Impedance-Based Stability Analysis

Fig. 1 shows an equivalent small-signal circuit of a grid-
connected inverter at the interconnection point with grid. The
inverter is considered as ideal current source ig with shunt
impedance matrix Z,,, describing the finite output impedance.
The grid is modeled with ideal voltage sink v, and series
impedance matrix Z,,, describing the effect of non-idealities.

Fig. 1: Equivalent small-signal model ol the interconnected source-load
subsystem.

The stability analysis of interconnected system can be
conducted applying the Nyquist stability criterion to the
impedance ratio between load impedance and the source
impedance [4]. Assuming that the unloaded source itself is
stable and the load is stable when powered by an ideal source,
the stability analysis of the load current i, can be simplified
by observing the transfer matrix

L(s) = [+ Zyao(5)/ Zoa ()] m

The interconnected system is stable if the eigenvalues of
the return-ratio matrix Z,.,(s)/Z,.,(s) satisfies the generalized
Nyquist stability criterion. [17]

The AC component of a balanced three-phase systems can
be presented in dq domain as two DC components, direct (d)
and quadrature (q) which can be linearized around their steady-
state operating point. The dq-domain impedance models for
the inverter output impedance Z,,(s) and grid impedance
Z,.,(s) are basically 2 x 2 matrices which can be written
as

Zoa(8)  Zoag(s
Zordq(s) - |:anng”’; Zﬂ*qqgsﬂ (2)

qq

@@z&ﬁ@?@} (3)

where the dq transformation has introduced the cross-coupling
(dq and qd) terms between the components. Thus the sys-
tems include individual impedances for both components and
cross-coupling impedances between them. These local cross-
couplings should not be confused with the cross-couplings
used in nodal analysis, which is conventionally applied to
analyze interconnected power systems [18], [19]. However,
nodal analysis is based on the use of single-phase equivalent
circuits, which effectively prevents including some control
functions, such as the phase-locked-loop.

In this work the cross-coupling impedances are neglected
from stability analysis because they are assumed to be small as
the unity power factor is desired [20]. However in the case of
decreased power factor, the cross-coupling impedances should
be included in the analysis to avoid inaccuracy.

Considering the interconnection point with the grid, the
inverter acts as a source and grid as a load. By neglecting
the cross-coupling impedances, the (2) and (3) are reduced
to diagonally dominant matrices. Using diagonally dominant
forms. the resulting return-ratio matrix of (1) can be con-
sidered separately for both individual components. [20] The
impedance ratios of the d and q components must satisfy the
Nyquist stability criterion. The stability analysis is conducted
by analyzing transfer functions

1
Cal®) = T 205/ Zon(5) Y
G‘I‘I (S) : (5)

The grid impedances Z,_4q and Z,_,, are measured si-
multaneously in this paper. The inverter output impedances
Zy—aq and Z,_,, are modeled analytically in the following
subsection.

B. Inverter Impedance Model

Fig. 2 shows the power stage of the grid-connected inverter
with a DC-capacitor, control system, and passively-damped
LCL output filter. Detailed modeling of such current-fed three-
phase inverter in dq-domain is derived in [21]. This paper
focuses on the real-time measurements and analysis, and thus,
only the main points of the inverter modeling are introduced.

In the methods, an average state-space model of the inverter
is derived and linearized around the DC operating point which
appears after transformation to the dq domain. Variables faen
Deras Dergs d, and (fq are considered as input variables (U(s))
whereas i, %L” and ¢, as output variables (Y(s)) of the
system. Resulting state matrices A, B, C, and D are intro-
duced in the Appendix. According to [22], open-loop transfer
functions between input and output variables for such state-
space model can be written as

Y(s) = [C(sT— A) "B+ D] U(s) (6)
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Fig. 2: Three-phase grid-connected inverter.
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The cascaded control system of the grid-connected inverter
using PI-type controllers is implemented in the dq domain as
depicted in Fig. 2. The DC-voltage control adjusts the PV
generator operating point to the maximum power point (MPP)
and sets the reference for the d-component current controller.
Unity power factor is desired, and therefore current controllers
regulate the current q component to zero and the d component
to the reference value that depends on power produced by the
PV generator. Grid synchronization is implemented using a
conventional synchronous reference frame phase-locked-loop
(SRF-PLL), which regulates the observed voltage q component
to zero [23], thus not affecting the d-component variables
when cross-couplings are neglected. By closing these control
loops, the analytical closed-loop model of the inverter can be
constructed.

TABLE I: Parameters of the inverter.

Ve 4143V Ig. | 6577 A w 27-60 rad/s
Vea | V2120V | Vo 0V fsw 8 kHz
L 10.6375 A | Dg 0.4122 D, 0.0213
(el 1.5 mF T, 0.1Q L 2.2 mH
Ry 1.8 Q Oy 10 uF Lo 0.6 mH

Studied operating point and resulting steady-state parameters
of the PV inverter are shown in Table 1. The inverter feeds
power to a balanced (60 Hz, 120 V) grid. Analytical closed-
loop model of the inverter output admittances have been
previously derived in [21]. For both admittance components,
the LCL filter can be seen as passive-damped LC-filter, con-
taining damping resistance Ry, capacitor Cy and inverter-side
inductor Li. whereas grid-side inductor Ls can be included

where L, is the current control loop gain and L,, is the DC-
voltage control loop gain, which are derived in the Appendix.

The output admittance q component (0, — 7;Lq‘) can be
given as [21]

Yo = 5/""’ — ﬂ ( L"“"q > ( Ly )
T (Tt Lowg) Ve \(T+ Lowy) ) \ (1 + L) ©)
D, Gmrv L C s
- (@) (0750 - o e

where L., is the current control loop gain and L., is the
SRF-PLL loop gain, which are derived in the Appendix.
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Fig. 3: D and q components of inverter output impedance.

Fig. 3 shows the resulting analytical output impedances of
the d (Z,, = 1/Y,) and q (Z,,, = 1/Y,,,) components
at the operating point defined in Table I. It is important to
note that Z ,, has lost the passivity at low frequencies which



may cause stability issues when connected to a weak grid.
The passivity is lost because Ly, dominates the low-frequency
dynamics of Z,,, by resembling the characteristics of negative
resistance (—V,,/1,,) below the PLL crossover which is set
here as high as 100 Hz. [24] High crossover is adjusted in
order to emphasize the effect of PLL on the impedance-based
stability and to test proposed real-time stability assessment
methods when studied inverter is connected to a relatively
weak grid.

ITT. IMPLEMENTATION OF GRID-IMPEDANCE
MEASUREMENTS

A. Orthogonal Pseudo-Random Sequences

Systems that include more than one inputs and/or outputs
that correlate with each other are considered to be coupled
multiple-input-multiple-output (MIMO) systems. Usually all
the input and output couples (components) have to be mea-
sured when guaranteeing the stability of a MIMO system.
Components of the system can be measured one by one but
as the number of them increases, this approach may become
time-consuming. In addition, highly time-varying operating
conditions or values of the measured parameters may change
in one component while they are measured from another.
Fortunately, it is possible to produce signals that do not have
energy at same frequencies: these are known as uncorrelated
signals. [25] By applying such injections to MIMO system,
the responses of each perturbation can be separated. Hence,
frequency response functions of multiple coupled components
can be obtained during a single measurements cycle. This
reduces the total measurement time and guarantees that the
data is not lost during the measurement cycles.

Considering the grid-connected systems in dq domain, two
uncorrelated signals are required for simultaneous measure-
ments of the grid-impedance d and q components. A technique
to generate uncorrelated sequences is presented in [25]. This
technique starts by generating a conventional maximum-length
binary sequence (MLBS). The uncorrelated signal with respect
to the generated MLBS is obtained by doubling the MLBS
and then inverting every other digit of the doubled sequence.
The resulting second sequence is orthogonal with respect to
the MLBS and is known as the inverse-repeated sequence
(IRS). The IRS is a periodic signal, with sequence length
of Nys = 2Ny, Where Ny, is the length of the original
MLBS. Hence, as two MLBS periods are injected during one
IRS period. the responses of the MLBS should be averaged
over two periods.

The power spectrum of both MLBS and IRS follow sinc?
function [25] in which the power drops to zero at the genera-
tion frequency (f,.) of the sequences. The measurable band-
width is usually considered to be (.45 f,., where power content
has drop 3 dB compared to highest value of the sequence. Fig.
4 shows power spectra of two orthogonal sequences, including
a 31-bit-length MLBS (blue) and corresponding IRS (red).
Both sequences are generated at 4 kHz. The energy values
are scaled to facilitate the difference between the MLBS and
the IRS. Due to orthogonality, the produced sequences have
power at different frequencies and thus they are uncorrelated
over their common period of Npg.
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Fig. 4: Power spectra of two uncorrelated sequences.

It is possible to produce uncorrelated signals by using other
techniques as well; for example, using the sum of sinusoids.
However, the MLBS-based technique is applied in the paper
because of its attractive features for real-time frequency-
response identifications. The sequences are straightforward to
generate by using a shift register with an XOR-feedback loops
and their binary forms allow implementation even with a low-
cost application which output can only cope with a small
number of signal levels. The sequences are deterministic which
allows the use of relatively low signal amplitude of perturba-
tions, and thus, the normal system operation and power quality
are not disturbed noticeably during the identification. [24]

B. Impedance Measurement

For the dg-domain grid-impedance measurements, the per-
turbation sequences are injected to the inverter output current
d and q components. The responses from grid-side currents
and voltages are measured as three-phase waveforms which
are transformed to the dg-domain using Park transformation.
Park transformation requires estimation of the grid phase angle
from SRF-PLL, which should have relatively high crossover
to provide fast dynamics. The SRF-PLL tracks the phase
angle by regulating the observed voltage q component to
zero effectively below its crossover. Hence, information of the
voltage q component for impedance calculations is lost within
that frequency band. This issue is solved by implementing
second SRF-PLL with lower crossover to decouple impedance
identification from the inverter control dynamics.

Fig. 2 shows that the system includes two PLLs, for different
purposes. PLL1 provides phase angle estimation 6, for the
control system, thus higher crossover provides better transient
performance. PLL2 provides the phase angle estimation 6 for
the dg-domain impedance calculations and its crossover must
be adjusted lower than the lowest measured frequency from
the q component. By using PLL2, the transformed grid-side
waveforms of v, and i, from d component and v, and i,
from q component can be collected properly for providing
accurate estimation of dq-domain grid impedance.

The grid impedance is computed as a ratio of Fourier-
transformed voltage and current of both components using
cross-correlation technique. The impedance of linear system



can be presented as a convolution from current to voltage
in time domain. and thus, according to basic Fourier theory,
as multiplication in the frequency domain. The cross-energy
spectrum from current to voltage is defined as [26]

Riu (w) = Z(w)B”(w) (10)
where w is angular frequency. Z(w) is the impedance and
Ri;(w) energy spectrum of current. R, (w) and R;;(w) are
defined by applying Fourier-transformed measurements, as
presented in [25]. The frequency-domain impedance can be
calculated from the ratio R;,(w)/R;;(w).

IV. PRACTICAL IMPLEMENTATION

Fig. 2 shows the MIMO-identification setup for simultane-
ously measuring the d and q components of grid impedance.
The control system of the three-phase inverter is configured
to inject orthogonal sequences on top of the output-current
references, enabling online identification without using any
external perturbation signal. As the response of the MLBS
can be averaged over two periods during the injection of the
IRS, one may optimize the setup by applying the MLBS to
the input that has the greater noise level. The power flows
mainly on d component when unity power factor is desired;
thus, the d component is assumed to have greater noise level
and measured using MLBS.

Fig. 5 shows a block diagram for continuous generation of
two orthogonal sequences in the inverter control system. The
MLBS is generated using a seven-bit-length shift register. The
injection amplitudes can be independently defined changing
Kynps and ICgg. The MLBS and IRS are generated by mapping
two logical levels as K and —K to produce a time-domain
injection with an average value close to zero.

Fig. 5: Block diagram to continuous generation of 127-bit-length MLBS and
corresponding IRS.

When the inverter itself is producing the perturbation se-
quences through its switches, selection of their sampling
frequency (f.) is bounded to inverter operating as

- L
fo="—=

I

an

where (f.,,) is the switching frequency of the inverter and r
is positive integer defining the actual selection. In this prac-
tical implementation, the highest possible sampling frequency

(= 1) is used because of relatively low switching frequency
of 8 kHz, yielding f, = f,,. As switching frequency increases,
the sampling frequency of sequences should be limited in order
to ease the computational burden. The sampling frequency of
the MLBS and IRS has to be a multiple (at least twice) of their
generation frequency f,., to avoid aliasing effects. Therefore,
the selection of generation frequency is also bounded to
switching frequency as

Jon = b Lo

€ e-r

12)

where e is a positive integer, equal or more than two. which
is used to define suitable generation frequency for desired
measurable bandwidth.

The ratio of the inverter and grid impedance is computed
in real-time by utilizing the measured grid-impedance com-
ponents and the analytical impedance model of the inverter.
The visualization of stability analysis is implemented by
plotting Nyquist contours based on the impedance ratio of
each component. The Nyquist stability criterion states that the
system is unstable if the Nyquist curve encircles clockwise the
critical point (-1,0) in the complex-plane [22]. Bode plots of
the impedances are shown to analyze certain impedances as a
function of frequency. These tools provide extensive diagnostic
tools for impedance-based stability of grid-connected systems.

V. EXPERIMENTS AND PERFORMANCE EVALUATION
A. Experimental Setup

The effectiveness of the presented MIMO-identification
techniques of grid-connected systems are proven by imple-
menting the methods to power hardware-in-the-loop (PHIL)
test setup. Fig. 6 shows a block-diagram representation of a
three-phase inverter feeding the power from a photovoltaic
source to the grid. The PV emulator PVS7000 is operated
at MPP (3 kW). The Spitzenberger Spies PAS 15000 Grid
Emulator acts as an three-phase AC-load of the system re-
peating reference waveforms generated by the dSPACE 1103
real-time simulator. The internal control system of the used
IGBT inverter is bypassed and replaced by simulated control
system in the dSPACE.
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Fig. 6: Block diagram ol the experimental setup.

Transformer

The implementation was set up by using parallel a mea-
surement card N1 USB-6363, PC (MATLAB/Data Acquisition
Toolbox) and dSPACE. The three-phase inverter was config-
ured to continuously inject the MLBS and IRS on top of
the current references. The injection system was implemented
to the dSPACE-driven control system in Simulink model
as shown in Fig. 5. The resulting waveforms of grid-side
currents and voltages were captured using the NI USB-6363



measurement card, operated by MATLAB/Data Acquisition
Toolbox. The impedance-based stability analysis is continu-
ously performed during the data collection by using Matlab.

The switching frequency of the inverter is 8 kHz, which
limits the generation frequency of perturbations. Applying
(12), the generation frequencies of the injections can be set
to 4 kHz. In these practical implementations the amplitude of
the sequences are minimized in order not to disturb produced
power quality. The 3 dB drop of the power content at 0.45 f,,
may significantly affect to results at high frequencies when
the amplitude is strictly limited. Therefore. the measurable
bandwidth in these experiments is considered to end at 1.2
kHz (20th harmonic) meaning only 1.3 dB drop of the power
content compared to highest power value of the sequence.

Three sets of experiments are shown to demonstrate the
efficiency of the proposed methods. The first experiment shows
how the proposed methods can be used to accurately measure
the grid impedance with a very high frequency resolution
and low injection amplitude. This measurement setup could
continuously identify resonance peaks and other unpredictable
dynamics of the grid and their effects on the system stability.
The second experiment will compare two measurement setups
for adaptive control systems of grid-connected converters
when using different injection amplitudes. In this experiment
the frequency resolution is sacrificed to increase measurement
speed. The last experiment shows an unstable case in order
to show that the accuracy of the analytical model of grid
impedance and the measured grid impedance are decent to
perform reliable stability analysis.

B. Experiment 1: High Frequency Resolution

In first experiment, two orthogonal sequences are generated
as shown in Fig. 5. The MLBS is generated using an 11-bit-
length shift register for producing a sequence with a length
of 2047 for the MLBS and 4094 for the corresponding IRS.
Both sequences are generated at 4 kHz, yielding a frequency
resolution of 1.95 Hz. The first harmonic of the IRS power
spectrum is located at 0.98 Hz, hence the crossover of PLL2
is set to 0.9 Hz.

The MLBS responses are averaged over 116 periods (IRS
over 58 periods) yielding T, = 60.20 s which is the refresh
rate for new results in continuous measurements. Due to
averaging, the injection amplitude for both the MLBS and the
IRS can be set very low. An amplitude of 0.05 A (representing
less than 0.5 % of nominal output current) is considered as
the best trade-off between measurement accuracy and effects
on the power quality.

Fig. 7 shows the inverter output impedance and measured
grid impedance d component as Bode plot and computed
stability assessment as Nyquist contour. Fig. 8 shows the
simultaneously performed analysis for the q component. The
results show a clear trend for the grid impedances above the
fundamental frequency (60 Hz). Harmonics in grid waveforms
are considered as a drastic disturbances for measurements,
and thus, the measurement system is not able to provide
accurate results at the frequencies where significant harmonics
occur. However, using this high frequency resolution (1.95

Hz), inaccurate frequency points can be reliably distinguished
between a real resonance peaks and negligible results due to
harmonics.

The bode plots show the phase margins of the system at the
frequency where the impedances overlap in magnitude. The
phase margins and Nyquist contours indicate that ¢ component
has relatively low impedance-based stability margins, while
the d component has sufficient margins. Low stability margins
in q component at relatively low frequency indicate issues
with overly high crossover (100 Hz) of the PLLI, which
resembles negative resistance -like behavior in the inverter
output impedance q component. Negative resistance -like
behavior causes stability issues with the weak grid [27].
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C. Experiment 2: Short Measurement Time

In order to achieve a faster measurement system, relatively
short sequences and less averaging must be used. A shorter
sequence weakens frequency resolution. To provide sufficient
SNR, the injection amplitude has to be increased when the
number of averaged periods is reduced. Table II shows the
designed MLBS parameters for two different measurement
setups Meas; and Meass. Both MLBS injections have a
sequence length of 127, yielding a measurement time of
0.03175 s for one period and frequency resolution of 31.5
Hz. The corresponding IRS is produced from the MLBS as
shown in Fig. 5. The first harmonic (IRS) of power spectrum
is located at 15.7 Hz; thus, the crossover of PLL2 can be set
to 10 Hz.

TABLE II: MLBS parameters.

n | e P K Teas
Meas, 7 | 4kHz 10 03A | 03135
Measy | 7 | 4kHz | 156 | 0.03 A | 4953 s

Fig. 9 shows the effect of a 0.3 A injection amplitude (used in
M easy) to the inverter output current. Fig. 10 shows the eftect
of a 10-times-smaller (0.03 A) injection amplitude (used in
M eas;), which is almost negligible by representing less than
0.3 % of the nominal current.
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Fig. 9: Perturbed phase A current with MLBS and IRS using 0.3 A amplitude.
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Fig. 11 shows simultaneous impedance-based stability as-
sessment for both d and q components using measurement
setup Meas;. The measurement setup is designed to apply

only 10 averaged periods for single measurement, thus pro-
viding a refresh rate of 0.313 s. The measurement setup is
not optimal for continuous measurements because of the large
injection amplitude (shown in Fig. 9), but could be used for
example in the start-up routine of a system.
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Fig. 11: Visualization of stability assessment (refresh rate 0.313 s) using grid
impedances (red dots), inverter output impedances (blue line) and Nyquist
contours ol the ratios.

Fig. 12 shows similar stability assessment for both d and q
components using measurement setup M eass. More averaging
(P = 156) increases the refresh rate to almost 5 s but it re-
duces the required injection amplitude to one-tenth compared
to Meaus;. Relatively accurate results using low amplitude
(shown in Fig. 10) mean that Meass is an effective tool for
continuous grid-impedance measurements.
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Fig. 12: Visualization of stability assessment (relresh rate 4.953 s) using grid
impedances (red dots), inverter output impedances (blue line) and Nyquist
contours of the ratios.

Grid harmonics represent drastic disturbances for the mea-
surement system by causing inaccurate results at those fre-
quencies. Fortunately, the frequency of harmonics are known
in 60 Hz grid, making it possible to design the sequences in a
way that avoid measuring the frequencies where significant



harmonics occur. Measurement setups Meas; and Meass
avoid measuring second (120 Hz) and third (180 Hz) harmonic
frequencies, that is satisfied by designing the MLBS and IRS
not having energy at frequencies that are closer than 6 Hz
to those frequencies. Figures 11 and 12 show that the grid
impedance have a clear trend and there is no unacceptable
points, caused by grid harmonics, above the fundamental
frequency.

D. Experiment 3: Unstable Case

The unstable case was constructed by first measuring the
grid impedance when inductance was large and then deriving
overly high PLLI1 crossover which would cause instability, ac-
cording to theory of impedance-based stability. The crossover
is changed online and the real-time Nyquist curve of the q
component in Fig. 13 shows instability because the impedance
ratio encircles the critical point (-1,0). Fig. 14 shows phase A
current when impedance-based instability occurs at the inverter
and grid interconnection point. The PLL1 crossover is changed
at 0.14 s and the uncontrolled oscillations start immediately.
The inverter internal protection system reacts to the unstable
phase currents at 0.35 s by disconnecting device from the grid.
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Fig. 13: Unstable Nyquist curve of q component.
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Fig. 14: Phasc A current when stability margins arc ncgative.

The source of instability is confirmed to originate from
impedance mismatches in the q component by increasing
PLL1 crossover so that the impedance-based stability margins
go negative. The Nyquist curve in Fig. 13 is measured during
instability, and the appearance of uncontrolled oscillations in
the inverter output current in these conditions ensures that
the accuracy of the methods are sufficient to perform reliable
stability analysis in real-time.

VI. CONCLUSIONS

Time-varying grid impedance is important parameter for the
operation of grid-connected inverter. Thus, the grid-impedance
identification methods performed in real-time provide impor-
tant benefits for example in adaptive control, start-up rou-
tines, and post-fault diagnostics of grid-connected systems.
This paper has shown a practical implementation of stability
analysis for d and q components in completely real time by
measuring the grid-impedance of both components simultane-
ously. Orthogonal sequences are injected on top of the inverter
output currents to enable simultaneous measurements without
using an external circuit or device to generate small-signal
excitations. The responses are measured from the grid side
through additional low-bandwidth PLL, to preserve accuracy
also at low frequencies. The impedance-based stability as-
sessment is monitored by applying real-time measurements
of grid impedance and the analytical model of inverter output
impedance. Moreover, it has been demonstrated, using PHIL-
test setup, that the real-time grid impedance measurements can
be performed without significantly perturbing the grid currents
and voltages.
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APPENDIX
State matrices:
& | D,
_fI Ws g:l
. B )
A= | —ws -- I
_3Dg Qéq 0
2°C 2 C
1 Vs
U
B=10 0 L. 0 I
1 0 _3Iw 3N
c 2 2 C
1 00
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0 0 1

where derived steady-state parameters from average model of
the inverter and studied operating point are shown in Table L.

Open-loop transfer functions used in analytical inverter
output impedance model and following control loops:

2CLs? + 2Cr.s + 3D4?

Yo, =

den
2CLs? + 2Cris + 3D
Yo =
den
T 3DuLs + 3Dar. — 3Dy Lw
iod-o T d@n

Grro =2CLV, 8% — (3Dalsl, — 2CV,r1)s
+3(DL12V;, — D wr — DqIALw)
den




Gy =20LV, 8% — (3DJL — 20V,r1)s
+3(De?V,, — Dolg — DelLw)
den

Guaso = — 3L, L*s* — 3(2LLre + D,VuL)s
—3(1‘1(112(/4‘2 + 7‘12) — DJVuLw + D.lvml‘r)

den

where denominator den of every open-loop transfer function is
characteristic polynomial of the state matrix A, which defines
the order of transfer functions and can be derived as

den = det(sI — A) = 2C'L%s® + 4C'Lr, 52

+ (3(De* + Dy?)L + 2CL%w? + 2Cni?)s

+3(D + D&)re

Control loop gains:

L = Gc()droGWrud

out-d

L = chqruGPTruq

Out-g

Gcidro Lourrd
G (1 + Lowa)

=V :»d

L in — GFIrdc

LPI L= = GPLPI 1

where V,, is the grid voltage d component, and PI-controller
transfer functions are derived using proportional K and inte-
gral gains K, as

K,
Gm = [(p + ?p
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Online Frequency-Response Measurements of
Grid-Connected Systems in Presence of Grid
Harmonics and Unbalance

Roni Luhtala, Henrik Alenius, Tuomas Messo, and Tomi Roinila

Abstract—Grid characteristics have a drastic impact on the
stability and control performance of grid-connected systems.
Because the grid conditions typically vary over time, online
measurements are most desirable for the stability assessment,
protection design, and control-system optimization of the systems.
Previous studies have presented methods based on Fourier tech-
niques and broadband sequences with which the frequency re-
sponses of the grid-connected systems, such as the grid impedance
or inverter control loops, can be measured. However, online
measurements under unbalanced grids with harmonic voltages
have not been comprehensively considered. The present paper
demonstrates how the previously applied online-measurement
methods fail in the presence of unbalanced grid and voltage har-
monics due to the spectral leakage caused by Fourier transform.
This work also proposes a simple signal-design method to avoid
the leakage. Experimental results based on a high-power grid-
connected system are shown to demonstrate the effectiveness of
the proposed method.

I. INTRODUCTION

The performance and stability of grid-connected power-
electronics applications are significantly affected by the inter-
faced grid [1]-[4]. Since the grid conditions vary over time,
online measurements of the grid impedance and the load-
affected converter AC-side dynamics are most desirable for
obtaining the system stability margins in the grid-connection
point. Additionally, online measurements acquired in real time
allow novel control strategies such as adaptive control or
adjustment of the protection parameters. Such measurements
have become popular in power-electronics applications, in-
cluding grid-connected converters [5]-[8]. In most of the
presented methods, a broadband perturbation such as pseudo-
random binary sequence (PRBS) is injected into the system,
and Fourier analysis is applied to extract the corresponding
frequency components in the responses.

A single converter may face unpredictable grid conditions
such as a weak grid or poor grid voltages [2], [9]. The distur-
bances in grid voltages, such as voltage harmonics, may cause
errors in the frequency-response measurements. Although the
issues related to unbalanced or harmonic-polluted grid voltages
are widely known, the impact of the voltage waveforms on
the online measurements has not been previously considered.
The present study discusses the measurement issues under the
unbalanced grid with a high harmonic content and introduces
a design procedure of the perturbation signal to suppress the
issues.

The grid harmonics appear as periodic oscillations in the
measured samples. When the discrete Fourier transform (DFT)

njections
References

Fig. 1: Grid-connected inverter.

is applied, the periodic oscillations may leak to other frequen-
cies through two undesired features known as spectral leakage
and the picket-fence effect (PFE) [5], [10]. The PFE appears if
the discrete spectrum, produced by the DFT, does not include
exactly the frequencies of periodic oscillations. This results
in leaking to the nearest available frequency bins [11]. The
spectral leakage occurs when the DFT is applied on samples
that contain non-integer periods of periodic signals, causing
those frequencies to leak over a wide frequency band [12].

The grid fundamental and its harmonics appear at specific
frequencies. This means they can be taken into account when
adjusting the measurement time so that each measured sample
contains integer periods of the grid fundamentals, and thereby,
also its harmonics. This suppresses the spectral leakage caused
by grid harmonics and unbalance.

This paper shows how the spectral leakage deteriorates the
online frequency-response measurements under grid harmon-
ics and unbalance. It also introduces a design procedure to
remove the spectral leakage from the measurements.

The reminder of the paper is organized as follows. Section
II reviews the online frequency-response measurements and
issues related to the spectral leakage. Section III introduces
the applied broadband perturbations that are suitable for the
dg-domain measurements and proposes a design procedure
for measurements under the grid unbalance and harmonics.
Section IV shows high-power experimental results in which
spectral leakage occurs and how the proposed design proce-
dure can be used to remove the leakage. Section V draws
conclusions.

II. ONLINE MEASUREMENTS OF GRID-CONNECTED
SYSTEMS

Fig. 1 shows a three-phase grid-connected inverter. The
inverter is controlled based on measurements from the DC-
and AC-side waveforms. The same measurements can be used
for frequency-response identification, which usually requires
an excitation signal to be injected into the system. A typical
frequency-response measurement setup for multi-input-multi-
output (MIMO) identification is illustrated in Fig. 2. In this
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Fig. 2: Typical frequency-response measurement setup.

example, two signals are perturbed, the system responses
are measured, and the frequency response is computed using
Fourier techniques [7]. The online measurements can be
performed either for the grid- or the inverter-side transfer
functions, thus obtaining, for example, the grid impedance or
inverter control loops.

Three-phase grid-connected systems are often analyzed in
the dq domain, where three-phase AC quantities can be trans-
formed into two DC quantities, d and q components [1]. In the
dq domain, full-order transfer functions are represented as 2 x
2 matrices that include direct (dd and qq) and crosscoupling
(dq and qd) components. The dg-domain measurements can
be performed in accordance with the setup shown in Fig.
2, where Signall and Signal2 correspond to the d and q
components. In the computed frequency-response matrix, the
diagonal components (G,, and G,,) usually refer to direct
components (G, and G,,) and the off-diagonal components
(G, and G,,) refer to crosscouplings (G, and G,).

In online measurements of the grid-connected systems, the
grid cannot be considered as an ideal three-phase voltage
source, due to the occurence of non-idealities such as har-
monics, unbalance, or noise. The measurement noise is usually
relatively low and can be mitigated by simply increasing the
signal-to-noise ratio (SNR) of the measurements by applying
higher perturbation amplitude or by averaging the measure-
ments over multiple measurement cycles [10].

The grid harmonics and unbalance appear as periodic o0s-
cillations in the measured data. When the discrete Fourier
transformation (DFT) is applied, two unwanted features may
appear: spectral leakage and picket-fence effect (PFE) [12].
These features deteriorate the spectral estimation and may
cause drastic errors in the frequency-response measurements
[5], especially at frequencies near the grid-voltage harmonics.
The PFE results from non-coherent sampling as a discrete
spectrum of the DFT does not include exactly the same
frequencies that appear in the measured data, causing these
frequencies to leak to the nearest frequency bins. The spectral
leakage appears if the measured time-domain data does not
include exact integer periods of each periodic signal compo-
nents, such as the grid-voltage fundamental and its harmonics.
If the DFT sample contains fractional periods of periodic
signals, the DFT interprets them as discontinuations that cause
spectral leakage over a wide frequency band.

III. MEASUREMENT DESIGN
A. Orthogonal Pseudo-Random Sequences

A maximum-length binary sequence (MLBS) is a widely
applied broadband excitation in the frequency-response mea-
surements of power-electronics systems [5]. The MLBS can be

easily modified, the sequence has lowest possible crest factor,
and is periodic over its length N = n? — 1, where n is an inte-
ger [10]. Considering the measurement setup shown in Fig. 2,
one can apply orthogonal binary sequences for simultaneously
measuring the full impedance matrix [6], [7]. In the method,
two orthogonal sequences are simultaneously injected into d
and q channels. As the injections have energy at different
frequencies, several (coupled) impedance components can be
measured during a single measurement cycle.

The work in [6] and [7] applied a method based on
Hadamard modulation for generating orthogonal binary se-
quences. In the method, the conventional MLBS is used as
a first injection. The second (orthogonal) injection is obtained
by doubling the MLBS and inverting every other digit. Due
to inverse-repeated characteristics of the second injection, the
power of the even-order harmonics equals to zero, and thus,
must be neglected from the frequency-response measurements

[6].

B. Measurement Parameters

The optimal online-measurement design avoids unnecessar-
ily long measurement time and high injection amplitude, while
still providing sufficient SNR. Averaging reduces the effect
of the noise, but the spectral leakage may still remain. The
leakage can be minimized by designing the measurement setup
so that an integer number of the grid fundamental cycles (and,
thereby, also its harmonics) occurs in the measured sample.
The number of the grid fundamental cycles that occur during
the measurement time can be given as

,ﬂPfg:(R-i-r) [€))]
gen
where P is a number of averaged MLBS (generated at f,.,)
periods, and f, is a grid fundamental frequency. The number
of grid fundamental cycles is separated to its integer part ()
and fractional part (), from which the non-zero r causes
the spectral leakage. The time difference AT between the
measurement time and the nearest multiple of the periodic
cycle can be given as
N N 1
- P f, — round( . Pf,) T 2)
where the operator round gives the nearest integer of the
grid fundamental. By varying the averaged periods, the local
minimum of the spectral leakage is expected when AT(P)
(and r) is minimized, representing the proposed measurement
design. The following design procedure yields parameters to
minimize the spectral leakage.
1) Adjust f., =m(2f,), where m is an integer.
« Converter switching frequency f., restricts the pos-
sible choices as f.. = f../e, where e is an integer.
2) Choose P = f,./f. or multiple of it.
o T = P(N/fw) =a(1/f,), where a is an integer.
e This results in a = N, and thus, T, includes
exactly R = N fundamental grid cycles and r =0.

AT = abs

3) N can be chosen without restrictions to satisfy the
desired measurement characteristics.
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Fig. 3: Polluted grid waveforms without injection.

As a result of the proposed design procedure, an integer
amount of the grid fundamental cycles (and consequently, its
harmonics) is measured. Therefore, the spectral leakage caused
by grid-voltage harmonics is avoided.

C. Measurement Accuracy

The measurement accuracy can be assessed by its variance
o2, Higher values indicate increased variability between con-
secutive measurements and errors around the reference, thus
making the measurement system unreliable. In this paper, a
smooth impedance Zg, is used as a reference, produced by a
MATLAB’s curve-fitting tool from a measurement under ideal
grid voltages. The variance can be computed as

0% =N [Zalf) = Zual 1)) ©
f=1

where the variance of the reference is considered as zero.
It may be assumed that each dq-domain channel (including
crosscouplings) has approximately equal SNR during mea-
surements, and they can be taken equally into account when
comparing the measurement results to each other. Thus, the
total variance of measurement is computed over the entire dq-
domain impedance matrix as

2 2 2 2 2
Opo = Ot 04+ 04+ 0y “4)

IV. EXPERIMENTS

The experiments are performed using a high-power PHIL
setup in accordance with Fig. 1. The system is implemented
by two 200 kVA Egston voltage amplifiers and the grid
impedance by three-phase inductors. The amplifiers are used
to emulate a three-phase grid and a grid-connected converter.
The measurement system is described in detail in [8]. In the
following experiments the grid impedance is measured in the
dq domain. The currents and voltages are measured from
the output terminal of the inverter emulator and the data is
captured by a measurement card (NI USB-6363). The data is
operated by the MATLAB/Data Acquisition Toolbox.

Fig. 3 shows samples of the highly-distorted grid voltages
(230 V, 50 Hz) under which the experiments are performed.
One of the phases is in 20 % unbalance and all phases include
5 % of the positive sequence 2" and 7*" harmonics as well
as negative sequence 2% and 5" harmonics.

A. Grid-Impedance Measurements

Two orthogonal sequences were designed and injected into
the references of the current controller. The first sequence
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had 2047 bits and the second had 4094 bits. Both sequences
were generated at 5 kHz, providing 2.44 Hz (5000/2047
Hz) frequency resolution. The number of averaged periods
varied between the measurements in order to achieve desired
measurement time that minimizes A7 The unbalance occurs
at 50 and 100 Hz in the dq domain, and the present harmonics
at 50, 150, and 300 Hz. As the frequency resolution of the
measurements does not produce the discrete spectral line at
50 Hz, the PFE occurs and the harmonics leak to the nearest
discrete spectrum frequencies, given in Table I.

TABLE I: Nearest discrete spectrum frequency points to the grid harmonics.

f(Hz) | 50 100 150 300
Below | 48.85  97.70 149.00  298.00
Above | 5129 100.15 151.44  300.44

Fig. 4 shows the measured grid impedance with two differ-
ent number of averaged periods. The blue line represents one
of the proposed measurement designs (P = 100), where the
measured data includes an integer amount of the fundamental
grid cycles (R = 2047, r = 0, AT = 0). Therefore, the grid-
impedance measurement does not show any spectral leakage,
only the PFE distort the measurement near the grid harmon-
ics, which can be predicted. Red line (P=108) represents
design without considering the spectral leakage minimization
as the fractional part of grid fundamental cycle occurs in the
measured data (R = 2210, » = 0.76, AT = 4.8 ms). Fig. 5
illustrates the time difference between the measurement time
for different number of averaged periods and the nearest full
period of fundamental grid voltage. When P = 100 (left), the
time difference equals to zero and no spectral leakage occurs.
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The time difference with P = 108 (right) produces spectral
leakage which deteriorates the measurements, as shown in Fig.
4.

Fig. 6 shows the variance, averaging trend line, and the
time difference to the grid fundamental cycle AT(50 Hz)
and its second harmonic AT'(100 Hz) with varying number
of averaged periods. The local minimums of A7'(50 Hz) give
the proposed parametrization to minimize the spectral leakage.
The variance follows the averaging trend line otherwise, but
the variance is significantly decreased at the local minimums
of AT'(50 Hz).

To illustrate the appearance of the spectral leakage, Fig. 7
shows the measurement variance as a function of frequency
with three different P, given as

e P = 184 (red bars), chosen from local minimum of

AT(100 Hz), which mitigates the spectral leakage of
even-order grid harmonics (here 100 and 300 Hz).

e P =176 (blue bars) representing design not considering

the spectral leakage.

e P = 168 (black bars), chosen from local minimum of

both AT'(50 Hz) and AT'(100 Hz), which mitigates the
spectral leakage from all grid-harmonic frequencies.

V. CONCLUSIONS

Wideband identification methods have become popular in
the analysis of grid-connected systems. However, recent stud-
ies have not considered the undesired spectral leakage that

deteriorates the measurements under unbalanced grid condi-
tions or under high harmonic content in the grid voltages. The
unbalance and harmonics occur as periodic oscillations in the
measured data and leak over a wide frequency band during
the signal post-processing. This paper has presented methods
to mitigate the spectral leakage by adjusting the measurement
parameters such that an integer amount of grid-fundamental
cycles is included in the measured data. Consequently, the
spectral leakage caused by signal processing is avoided, and
the frequency responses are obtained with significantly more
accuracy. The proposed method is well applicable both in dq-
and sequence-domain measurements. Experimental measure-
ments based on a high-power PHIL system were shown to
demonstrate the effectiveness of the proposed method.
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Abstract—Several stability and power quality problems have
been reported recently in power systems, which experience
a high penetration of power electronics converters, such as
renewable energy inverters. The problems are often caused by
the interaction between the converter and the grid impedance.
Stability monitoring tools have been presented to gain insight
into the stability margin of the power system. Online methods
are most favorable since the power system has many parameters
that vary with time. However, the online methods that have
been presented may produce inaccurate estimate of the stability
margin due to several simplifications, such as using reduced-
order impedance models. This paper introduces an improved
dq-domain stability analysis that takes into account the time-
varying grid impedance in real time and also the multivariable
inverter output impedance, including the crosscouplings.

Index Terms—Generalized Nyquist Stability Criterion, Real-
Time Identification, Grid-Connected Converters, MIMO Systems

I. INTRODUCTION

A rapidly increasing amount of distributed renewable energy
production is being connected to the power grid using power-
electronic converters with relatively high switching frequen-
cies. This kind of grid-connected system is more prone to
stability issues than conventional synchronous generators. [1]
The stability issues are usually caused by interactions between
the inverter output impedance and a relatively high grid
impedance. As the renewables are often located in remote ar-
eas with long grid-connection cables, introducing a significant
grid impedance, the stability issues may arise more often. [2]

The stability of grid-connected systems can be assessed
using the generalized impedance-based stability analysis by
examining the grid impedance and the converter output
impedance [3]. This assessment method is shown to be ef-
fective in predicting the unstable interactions between the grid
and converter, and thus, the stability and operation of the grid-
connected systems [4], [5]. By implementing accurate stability
analysis using online identifications, the method can also be
used to fine tune the converter control loops in order to provide
sufficient stability margins and performance in different grid-
connection points [6], [7].

Tuomas Messo”, Jussi Sihvo
Laboratory of Electrical Energy Engineering
Tampere University of Technology
Tampere, Finland
“tuomas.messo @tut.fi

The impedance-based stability of three-phase systems can
be evaluated in the dq domain, which allows the model lin-
earization around the steady-state operating point and straight-
forward tuning of conventional PI-type controllers. The dq-
domain impedance is a matrix, including diagonal and non-
diagonal (crosscoupling) components. The analysis is very of-
ten simplified and the crosscouplings are assumed to be small
enough to be neglected. However, the crosscouplings may have
as important a role for stability as the diagonal components, as
reactance in the grid impedance increases, reactive power flow
increases, or the control system of the converter becomes more
complex. Thus for accurate stability assessment, the multiple-
input-multiple-output (MIMO) analysis must be applied and
the crosscouplings must be taken into account.

The underlying problem in accurate impedance-based sta-
bility assessment is the unpredictable grid impedance, which
depends on the connection point. Online measurements from
the connection point have greatly improved stability assess-
ment techniques. Recent research has introduced measurement
techniques such as applying an impulse response [8], or a
maximum-length binary sequence [9]. However, for accurate
stability analysis, the complete dq-domain matrix has to be
measured under the same operating conditions. Simultaneous
online measurement of all the components in the dq-domain
impedance matrix requires uncorrelated injections to both
components, the direct and quadrature. Recent studies have
shown an implementation, suitable for dq-domain MIMO
measurements, which applies orthogonal binary sequences
[10]. Using similar methods, the complete dq-domain grid-
impedance matrix can be simultaneously measured.

In renewable-energy dominant grids with load conditioning
or during grid faults, the grid impedance, seen by a single
grid-connection point, may vary widely over time. The un-
predictable and highly time-variant grid impedance will play
an important role in the stability of future power systems. As
complex grid impedance is difficult to model, the use of real-
time measurement of grid impedance and analytical converter
impedance models may be the best basis for accurate stability
assessments. Studies have demonstrated real-time methods to



Fig. 1: Photovoltaic generator connected to the ideal grid through inverter.
measure the dq-domain grid-impedance components one by
one [11], [12], and more recently to measure both diagonal
components simultaneously [13]. This paper extends the work
in [13] by including the effect of crosscouplings.

This paper introduces an improved assessment of the
impedance-based small-signal stability in the dq domain that
applies the multivariable small-signal model of the grid-
connected converter and real-time measurements of the com-
plete grid-impedance matrix. The complete grid-impedance
matrix is measured continuously using a technique that applies
orthogonal binary sequences. The stability is monitored con-
tinuously by plotting the characteristic loci of the return-ratio
from the grid-connection point. The methods are implemented
in a real-world converter as a part of a power hardware-in-the-
loop (PHIL) test bench.

The remainder of the paper is organized as follows. Mod-
eling of the grid-connected inverter, the basics of the time-
varying grid impedance, and the impedance-based stability
analysis are reviewed in Section II. Section III introduces the
applied methods for real-time measurements and improved
stability assessment. Section IV shows the applied setup,
practical implementation and experimental results. Section V
draws conclusions.

II. THEORY
A. Analytical Inverter Model

Fig. 1 presents the three-phase inverter, connecting a pho-
tovoltaic generator to the ideal grid v,. By using Park’s
transformation, the three-phase AC system can be represented
in the dq domain, which includes two DC-valued components
(dd and qq) with crosscouplings (dq and qd) between them.
Due to the DC-valued steady-state operating point, the dq
domain allows linearization around the operating point and the
derivation of an accurate small-signal model. The modeling in
this paper is based on [14].

To produce the small-signal model of the inverter in the
dq domain, first the open-loop average model is derived.
The AC-side inductor currents (44, 4,,) and voltage over the
DC capacitor (v.) are considered as state variables whose
derivatives are zero in the steady state. From the average
model with state-variable derivatives set to zero are derived
the steady-state values for state variables and input variables,
including grid voltage (V,,, V,,), duty ratios (D,, D,), and DC-
side input current for the power stage (/,,).

The dg-domain model is linearized around the steady-state
operating point and transformed to the frequency domain,
from which the open-loop transfer functions between input

™ Toi-o

Yoo

Decoupled
Current Control Loop
(Lec)

Fig. 2: Inverter dynamics as PLL and current control loops are closed.

and output variables can be numerically solved, as shown in
[15].
Y(s) = [C(sI - A)"'B] U(s) 0

The linearized state-space matrices A, B and C are given
in the Appendix. From (1), the open-loop transfer functions
between the input and output variables are collected into a
matrix form as

Z,,
G,

T.. Gu

Y(s) = Y., G..

U(s) @
where all the open-loop transfer functions are 2 x 2 matrices,
representing the MIMO characteristics of the system. These
transfer functions are given in detail in the Appendix.

The closed-loop transfer functions are derived by closing
the control loops, including the phase-locked loop (PLL), DC-
voltage control, and decoupled output-current control. In a
cascaded control scheme, the DC-voltage control provides a
reference value for the output current’s d component; the q
component is regulated to zero for achieving the unity power
factor. The PLL synchronizes the control system with the grid
voltages. For modeling the AC-side inverter output admittance,
the small-signal effect of the DC-side current can be neglected
from the analysis as the DC-side voltage is controlled to a
maximum-power point (MPP) based on the IV-curve of the
PV generator. Thus, the DC-side current is taken into account
by its steady-state value.

First the AC-side control loops, including the decoupled
current control and PLL, are closed. Fig. 2 shows the block
diagram, which represents the input and output dynamics of
the inverter as 2 x 2 transfer matrices (introduced in the
Appendix) when PLL, and current control are closed. The
decoupled current control (derived as [14]) and PLL loops,
respectively, can be written as

Lee = GCOV\!(Gc'ouv - Gch)Hnur 3)

LPLL = GchLL (3 -1 )Vnd (4)

where G, is the transfer function of an actual current
controller, G, is the decoupling gain, and G, is the actual
controller of the PLL loop.

Using loop gains of (3) and (4), the PLL transfer matrix is
solved as

GPLL = (LCCIL - Gce—oD)LPLLHPLL (5)
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The output dynamics can be solved as transfer functions from
the output voltage v,, and the output-current reference i, to
the output current i,, respectively, as

¥ L) (V. 5 G
G = (I+Lee) 'GeonGoe

refo

(6)

Derivation of the input dynamics requires solving the duty
ratio d. The dynamics of the decoupled current control is
gathered into a matrix as

Gcc = Lcc(I + Lcc)71 (7)

The input dynamics can be solved from v, and i to the input
voltage v,,, respectively, as
Tf,t = Tin—u + Gc\—n(Gcnrh)_l(Gcc (YornGPU_) - GPLL)
G, = G, (G...) H(I- G.)G...G..,

refi

®)

Finally the DC-voltage control loop is closed. However,
only the AC-side dynamics are considered here because the
stability of the grid-connection point is the focus of this paper.
Thus, complete DC-side dynamics are not included in this
analysis. Fig. 3 shows the block diagram of the output and
input dynamics when all control loops are closed; the transfer
functions include AC-side controllers, as derived in (6) and
(8).

The DC-voltage control loop gain is

Lpc = GG H,, ()
where G, is the actual DC-voltage controller.

The inverter output admittance can be solved from Fig. 3
as the transfer function from v, to i, as

Y. =Y+ G GoHy (T4 L) TS 4+ Y,

refo

(10

where Y, is a parallel admittance (passively damped C-branch
of the filter) including damping resistance r; and capacitance
C; the matrix is presented in the Appendix. Due to parallel
connection, the filter admittance can be added directly to the
inverter small-signal model.

The complete dg-domain inverter output-admittance matrix,

_ [Yow Yo
Yoo = |:Y Y,

o-dq o0-qq

an

includes diagonal (dd and qq) and crosscoupling (qd and dq)
components.

Transmission

Inverter  PCC  Transformer |

Transmission
Line 2

Fig. 4: Example of a power grid topology.
B. Time-Varying Grid Impedance

Distributed PV generation is often located in remote ar-
eas, due to space requirements. As the length of the grid-
connection cables increases, the grid impedance seen by a
single grid-connecting inverter becomes significant. High grid
impedance may interact with the inverter output admittance,
causing excessive harmonics in the grid currents. The observed
grid impedance depends highly on the grid-connection point
of the single converter and is hard to model from a complex
grid topology. Additionally, the changing load profiles and
possible grid faults produce highly time-variant characteristics
for the grid impedance. Thus, the grid impedance for every
single connection point at a certain time cannot be accurately
predicted without measurements. [16]

Fig. 4 shows an example of the inverter point of common
coupling (PCC) with the grid. The simple grid topology
includes two transfer lines (1 and 2) to the different kinds
of load centers (distribution grid 1 and 2) and to the stiff-grid
connection. The transformers and the transfer lines are mainly
inductive, increasing the grid impedance. The stiff grid is a
very low-impedance part that can consume or produce power
as much as required. Distribution grid 1 includes mainly heavy
industry that may vary considerably as the industry consumes
power during the day and possibly shuts down during the night
and weekends. Distribution grid 2 includes mainly households,
which introduce capacitive characteristics [17], causing reso-
nance peaks with the inductive parts. The resonance peaks
are damped when active power is consumed in households
but may be significantly high when less power is consumed.
Overall, this simple grid is difficult to model accurately as the
loading conditions at certain times are unpredictable. [18]

The possibility of grid faults should also be considered. The
parallel connection of the two transfer lines in Fig. 4 decreases
the total grid impedance, seen from the inverter PCC, com-
pared to that with one grid-connection cable. However, grid
faults in transfer lines can cause a sudden increase in the total
grid impedance. This high grid impedance may start to interact
with the inverter output admittance, causing stability issues
such as excessive harmonics, and thus spreading the grid fault.

The reactance and consumption/production of reactive
power increase the crosscoupling components in the dq-
domain grid impedance. Thus, the complete dq-domain grid
impedance matrix,

(12)
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Fig. 5: Equivalent circuit of inverter grid-connection point.

must be considered in the stability studies, and the crosscou-
plings cannot be neglected in weak grids.

C. Impedance-Based Stability Analysis

The small-signal stability issues and the interactions be-
tween the grid and inverter at the PCC can be predicted
by an impedance-based stability analysis [14]. Fig. 5 shows
an equivalent small-signal circuit diagram of the PCC. The
inverter (source) is modeled as a Norton equivalent, by an
ideal current source i, with a non-zero shunt admittance Y.
The grid (load) is modeled as a Thevenin equivalent, by an
ideal voltage sink v, and a non-zero series impedance Z,.

The impedance-based stability analysis is based on applying
the Nyquist stability criterion to the return-ratio formed by the
source and load impedance. [3]e Assuming that the source is
stable when unloaded and the load is stable when powered by
an ideal source, the stability analysis of the current flowing
from the source to the load can be simplified by observing
only the transfer matrix:

Li(s) = [T+ Y, (s)Z4(s)] (13)
The PCC is stable if a characteristic loci of the return-ratio
matrix Y,(s)Z,(s) satisfy the generalized Nyquist stability
criterion. Satisfying that criterion is similar to a conventional
eigenvalue analysis and ensures that the system eigenvalues
have non-positive real parts. [19] The complete dq-domain
matrices are fully identified in this paper by analytically
modeling the inverter (11) and measuring the grid (12) in real
time.

III. METHODS

A. MIMO Measurements Applying Orthogonal Binary Se-
quences

The dq-domain impedance matrix can be considered as a
clear MIMO system with two individual components and the
crosscouplings between them. Conventionally, all components
of such a MIMO system are identified one by one. That
is time consuming and the system operation or parameters
may vary between the measurement cycles in time-variant
systems. However, all the components can be simultaneously
measured by applying uncorrelated sequences, which do not
interfere with each other, as the sequences include energy at
different frequencies. Two uncorrelated sequences are required
for simultaneous identification of the complete dq-domain
impedance matrix, one to perturb the current d component and
another the q component. By perturbing both output-current
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components, the grid-impedance matrix can be identified as
ratios of voltage and current components, as follows

Vea(8) /10a(5) 'Ugrd(-s)/i.»q(z*)]
vsrq(s)/iwd(s) ’Ug'q(s)/iﬂrq(s)

The output currents are perturbed by uncorrelated se-
quences, and voltage responses are gathered from the grid
side; the waveforms are transformed to the frequency domain
using a Fourier transformation. From the voltage transformed
to the frequency-domain, the responses of the current d and q
components can be separated accurately if the system is linear
around its steady state [10]. In the case of highly non-linear
systems, the methods will fail as the responses from certain
frequencies leak to near frequencies, and thus, the responses
of the uncorrelated sequences cannot be separated. However,
the grid is assumed to consist of passive components, and thus,
it can be considered as a linear system.

The maximum-length binary sequence (MLBS) is a broad-
band signal and is the most common form of the pseudo-
random binary sequences (PRBS). The periodic MLBS is
easy to generate with the use of a shift register and XOR
feedback. The sequence length is based on the applied number
of stages in the shift register n as Ny = 2" — 1. The
frequency resolution depends on the generation frequency f,.,
aS fuo = fen/Nwss. [20] The required time for a single
measurement cycle is given as Ty, = Nyps/ [ Due to
the periodicity of the sequence, the response can be averaged
over P periods to increase the accuracy of the measurements
but that tactic also increases the total measurement time as
Ty = P x Ty

It is possible to generate two (or more) orthogonal binary se-
quences from the conventional MLBS, which are uncorrelated
over their common period. As two uncorrelated sequences are
required to fully identify the dgq-domain impedance matrix, the
inverse-repeated sequence (IRS) is generated from the con-
ventional MLBS by doubling the sequence and then inverting
every other digit. Thus, the sequence length of the IRS is
twice the original length of the MLBS, as Nys = 2Ny, and
the required time for a single IRS cycle is increased by the
same factor. Fig. 6 shows the power spectra (power values are
scaled to illustrate differences) of the 63-bit-length MLBS and
the corresponding IRS, generated at 4 kHz. Due to inverse-
repeat characteristics, the even-order harmonics of the IRS
are suppressed, and thus, the MLBS and IRS have a similar
frequency resolution, with the MLBS starting from f,,, and the
IRS from f,./2. The power content of both sequences follows

Z,(s) = (14)



a sinc? function, which is halved approximately at 0.45f,.,
which is usually considered the ending of the measurable
bandwidth.

B. Real-Time Stability Assessment

The generalized Nyquist stability assessment applies the
complete dg-domain matrices of the grid impedance and the
inverter output admittance. The orthogonal pseudo-random se-
quences (MLBS and IRS) have energy at different frequencies.
This is a practical issue for the generalized Nyquist stability
analysis as a characteristic loci of the return-ratio matrix
(13) are identified as a function of s = j27f where f is
a certain frequency. That issue is solved by perturbing both
components using the MLBS and the IRS which have different
frequency contents. First the MLBS perturbs the d-component
and the IRS perturbs the q component for P, periods, which
corresponds to IRS periods. After that, the sequence order is
changed and the IRS perturbs the d component and MLBS the
q component for P, (IRS) periods. Thus, P, + P, IRS periods
are required to identify every grid-impedance component from
similar frequencies. Control of the sequences is driven by
a measurement device that sends a trigger for an injection
generator (implemented in the inverter control system) to
change which current component is perturbed by the MLBS
and which by the IRS. Thus, the data gathering can be
synchronized with the injection generator, and the responses
of certain sequences can be separated from each other. That
feature enables accurate computation of the complete dq-
domain grid-impedance matrix.

Along with the analytical small-signal model of the com-
plete inverter output-admittance matrix from similar frequen-
cies that the measured grid-impedance matrix includes, the
characteristic loci of the return-ratio matrix (13) can be calcu-
lated. For the calculations, the variable A(s) is introduced. Its
solution represents the characteristic locus of the return-ratio
matrix at a certain frequency as (in this paper) the s sweeps
the positive imaginary axis. [19] Negative frequencies are not
considered in this implementation. The interconnection point
of the inverter and grid (as shown in Fig. 5) can be thought of
as a MIMO-feedback system. The characteristic loci of such
system can be solved from the determinant [14]:

det [A(s)I+Y,(s)Z,(s)] =0 (15)

The determinant of 2 x 2 matrices yields a second-order equa-
tion in function of A(s), and thus, two solutions are proposed,
representing two separate characteristic loci. The equation is
solved after every measurement of the grid-impedance matrix
and the characteristic loci are drawn to the complex plane in
order to monitor the stability in the real time. The stability is
ensured if the loci do not encircle the critical (-1 + jO) point
clockwise.

IV. EXPERIMENTS

A. Experimental PHIL Setup

The proposed methods are implemented by applying a three-
phase grid-connected inverter as part of a PHIL test bench.

TABLE I: Parameters of the inverter.

Ve 4143V Ly 6.6 A w | 2760 rad/s
Vi | V2120V [ Vi | OV | fu 8 kHz
Iia 10.6 A Dy | 04122 | Dy 0.0213
c 1.5 mF L 01Q | L, 2.2 mH
T 1.8 Q Cr 10 uF
TABLE II: Controller parameters.
AC-current controller Kpac 0.0149 Kiac 23.4423
DC-voltage controller Kyne 0.0962 Kipc 1.2092
100 Hz PLL Kpooee | 33157 | Kijoori 1000
20 Hz PLL Kyoopwt 0.6723 | Kiop | 38.0189

The PHIL setup includes a three-phase grid emulator, a PV
simulator, and an inverter connecting the PV to the grid
through an LCL-type filter and an isolating transformer. The
grid-connecting inverter is controlled by a dSPACE real-time
simulator, which is also configured to inject the perturbations
on top of the output currents as introduced in [13]. The
measurement card NI-USB 6363 sends trigger signals to the
injection generator and continuously collects the grid-side
waveforms, which are transformed to the dq domain inside
the simulation model executed by dSPACE.

B. Inverter Output Admittance

The operating point of the inverter is given in Table I.
Additionally, the proportional gains K, and the integral gains
K, of the applied PI controllers are given in Table II. Similar
AC-current controllers are implemented for the d and q com-
ponents. Using the introduced parameters, the complete dq-
domain admittance matrix (12) of the studied inverter can be
computed using equations (3)-(10) and the open-loop model.
Fig. 7 shows the analytical output admittances of diagonal
components with two different PLLs. The PLL parameters
affect only the admittance qq component. Fig. 8 shows the
crosscoupling components with and without decouplings. It
should be noted that the output filter is dominating the
crosscouplings.

C. Grid-Impedance Measurements

The grid impedance is increased by connecting an extra
inductance to the grid side. The setup itself introduces 0.4
Q) resistance and 0.3 mH inductance. L, (= 0.6 mH) of the
LCL filter is included into Z, because grid-side waveforms are
gathered from a point between L, and L,, which is considered
as the PCC for the stability studies.

20 Hz PLL
100 Hz PLL.
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o

-180
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Fig. 7: Diagonal components (dd and qq) of inverter output admittance with
20 and 100 Hz PLL crossovers.
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Fig. 9 shows the diagonal and Fig. 10 the crosscoupling
components of the measured grid impedances (with 5 and 9
mH extra inductance). All the components of the complete
grid-impedance matrix are measured simultaneously by ap-
plying MIMO techniques, presented in Section III. In Figures
9 and 10, the red circles represent a 5 mH grid which is
measured using a 127-bit-long MLBS and a corresponding
IRS with 4 kHz generation frequency, yielding 15.75 Hz
frequency resolution. The blue dots represent measurements
from a 9 mH grid, identified using a 2047-bit-long MLBS
and a corresponding IRS. A generation frequency of 4 kHz
yields 0.98 Hz frequency resolution.

D. Generalized and Reduced-Order Nyquist Stability Analysis

Fig. 11 shows an experimental characteristic loci computed
from (15). The studied inverter with 20 Hz PLL and de-
coupling gains (admittances shown in Figures 7 and 8) is
connected to a weak grid as the 9 mH extra inductance is
connected to the grid side. For accurate analysis, the grid-
impedance matrix is measured in real time by a 2047-bit-
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Fig. 10: Crosscoupling components (qd and dq) of grid impedance with 5
and 9 mH extra inductance.
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Fig. 12: Comparison of full-order and three differently simplified Nyquist
stability-assessment methods.

long MLBS and a corresponding IRS with 4 kHz generation
frequency, providing the frequency resolution of 0.977 Hz.

The stability predictions by the reduced order and the gen-
eralized Nyquist stability assessment methods are compared
in Fig. 12, which shows four characteristic loci in similar
conditions. Only the loci that are more prone to instability
are shown (similar to the blue line in Fig. 11), and the
critical point (-1+0) is studied in the zoomed-in view. The red
line represents the analysis where the full-order matrices are
applied (generalized Nyquist stability), the blue line represents
a purely diagonal-dominant analysis where all crosscouplings
are neglected, in the black dashed line only the crosscouplings
from the inverter model are neglected, and in the magenta
dashed line only the crosscouplings from the grid impedance
are neglected.

Fig. 12 shows that the analysis applying the full-order grid-
impedance matrix predicts slightly unstable operation (red and
black lines), but the analysis that neglects the crosscouplings
from the grid impedance (blue and magenta lines) predicts
stable operation. Lower stability margins, predicted by taking
the grid-impedance crosscouplings into account, could have
been expected when analysing the measured grid impedances
in Figures 9 and 10. The dimensions of the crosscoupling
components are close to the diagonal components, and the
higher grid impedance (achieved by not setting the significant
crosscouplings to zero) is known to decrease the stability
margins. However, by including the crosscoupling components
of the inverter output admittance to the analysis, there is only
a marginal effect on the predicted stability margins compared
to the reduced-order analysis. The crosscoupling components
of the inverter output admittance have much lower dimensions
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Fig. 13: Grid currents when grid impedance increases, two different PLLs.
than the diagonal components, and thus, their effects are small
in this case.

Fig. 13 shows currents that are recorded in similar con-
ditions with different controls. After the increase in grid
impedance, the blue line represents the case in which sta-
bility is predicted in Fig. 12. The instability occurs after
the grid impedance is increased (as the analysis with full-
order model predicted) and over-current protection shuts the
inverter. Unstable currents confirm that the full-order analysis
predicts the stability better than the fully diagonal-dominant
analysis. The current, represented in the red line, is recorded
during the similar change in grid impedance but with more
conservative control parameters, in order to prove that the
instability does not occur because of the sudden change in grid
impedance. Hence, the use of reduced-order matrices for the
stability assessment may produce inaccurate predictions, and
thus, the generalized Nyquist stability assessment methods are
recommended.

E. Real-Time Stability Assessment

The real-time stability analysis may reveal the stability
issues right after an operation condition change. Thus, rapid
measurements are required. The grid impedance is measured
by a 127-bit-long MLBS and corresponding IRS (f.., = 4 kHz),
and the results are averaged only over 20 periods, providing
the 15.75 Hz frequency resolution for the characteristic loci
which are updated once in 1.27 seconds.

Fig. 14 shows three real-time characteristic loci when the
grid impedance suddenly increases. The red line represents
the characteristic loci when the grid impedance is still low.
The black (dashed) line shows the transient case. As the new
characteristic loci are plotted to the complex plane once in
1.27 seconds, the one set of characteristic locus is computed
during the change in grid impedance, and thus, may have
mixed information about the low- and high-impedance grids.
That characteristic loci are computed during the transient case,
where the small-signal stability analysis does not apply, and
thus they are not informative and should be neglected. The blue
line represents the stability analysis in the high-impedance
grid that has the widely known stability issues with the high-
crossover PLL. The loci approach the critical (-1+j0) point
when the grid inductance increases, indicating poor stability
margin. Fig. 15 shows the phase current when the transient
from low-impedance to high-impedance grid happens. At the

-
©
o
=l
©
£
=
©
E
Strong Grid

05 —— — — Transient 1

; Weak Grid 1

-2 -1.5 -1 -0.5 0

Real Part

Fig. 14: Real-time stability assessment when grid impedance increases.

2, ingreases Il

\\ /\ ﬁ\ {/\\

/|

15 . . . . .
0 0.02 0.04 0.06 0.08 01
Time (s)
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time of increase in grid impedance, the low stability margins
(predicted by the blue characteristic loci) are confirmed as
the current starts immediately to suffer from a high harmonic
content in output currents.

V. CONCLUSION

To achieving accurate predictions of stability of a grid-
connected inverter in the dq domain, the complete inverter
output-admittance and grid-impedance matrices must be con-
sidered. The inverter admittance matrix can be analytically
modeled using a multivariable model. However, the time-
varying characteristics of the grid impedance require real-time
identifications and measuring the complete dq-domain matrix.
By using the analytical model of the inverter and the real-
time measurements of grid impedance, computation of the
generalized Nyquist stability criterion can be executed in real
time. After each measurement cycle of the grid impedance,
the stability is monitored by plotting the impedance-based
characteristic loci of the return-ratio matrix to the complex
plane. By observing the distance to the critical point (-1+j0),
stability margins are accurately predicted. Comparison to
reduced-order stability analyses revealed those analyses’ faulty
predictions about stability margins. To prove the accuracy of
the methods, the experimental results were obtained using a
real three-phase inverter and the PHIL test bench.
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APPENDIX

State vector, output vector and input vector respectively:
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Transfer matrices of the open-loop model:

_ Zino 0 _ Tiiso qu«) _ Gl Gciqro
T L P P
G 0 Y, Y, G, G,
Gmrn _ iod-o ’Y‘H‘ _ od-0 oqd-o ) Gm,(, _ cod-o coqd-o
o e e el

Sensing-gain matrices for output voltage (for PLL), output
current, and input voltage:
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Transfer functions describing the PLL effect on output current,
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The decoupling gain, output current control, and DC-voltage
control matrices:
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PI-controller transfer functions are derived using proportional
K, and integral gains K, as
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Abstract: Rapidly increasing demand for renewable energy has created a need for the photovoltaic
and wind farms to be placed in various locations that have diverse and possibly time-variant
grid conditions. A mismatch between the grid impedance and output admittance of an inverter
causes impedance-based stability issues, which appear as power quality problems and poor
transient performance. Grid synchronization with phase-locked loop (PLL) introduces a
negative-resistance-like behavior to inverter output admittance. High control bandwidth of the
PLL makes the system sensitive to impedance-based stability issues when the inverter is connected
to a weak grid that has high impedance. However, very conservative tunings lead to overly damped
dynamic responses in strong grids, where the control performance and power quality can be improved
by applying higher PLL control bandwidths. Continuous evaluation of grid conditions makes it
possible to avoid the risk of instability and poor dynamic responses, as the inverter output admittance
can be re-shaped online to continuously match the grid conditions. The present work proposes
method for adaptive control of the PLL based on the real-time measurements of the grid impedance,
applying pseudo-random binary sequence (PRBS) injections. The method limits the PLL bandwidth
in weak grids to avoid stability issues and increases the control bandwidth in strong grids to improve
voltage-tracking, and thus overall control performance. The method is verified through simulations
and experimental laboratory tests in a kW-scale system. The results show that optimizing the
PLL bandwidth with respect to the grid conditions is highly beneficial for system performance
and stability.

Keywords: power electronics; phase locked loops; impedance measurement; stability analysis;
control systems; system identification

1. Introduction

The increasing penetration level of the inverter-connected renewable energy has caused stability
and power-quality issues in power grids [1,2]. One of the main problems is the harmonic resonance
triggered by the mismatch between the grid impedance and the inverter output admittance.
The harmonic resonance is an indication of insufficient stability margins; it increases the system
sensitivity and may even cause instability [3,4]. To avoid these issues, the control system is often
designed to have very conservative stability margins, leading to overly damped dynamic responses in
robust systems where faster responses are desired.

Energies 2020, 13, 1173; d0i:10.3390/en13051173 www.mdpi.com/journal/energies



Energies 2020, 13,1173 20f18

The impedance-based stability of the grid-connected inverter can be assessed from a return ratio
matrix of the dg-domain grid impedance and inverter output admittance [5]. The grid impedance may
vary over time, due to, for example, load changes [6-9] or various grid faults and clearance of these
faults [10-13]. As the grid impedance varies over time, online measurements performed in real-time are
desirable for accurate stability assessment [14-16]. Recent studies have presented a number of online
measurement methods based on broadband injections, such as impulse [17], multitone sinewaves [18],
and pseudo-random binary sequence (PRBS) [15,16,19]. Particularly the PRBS has become popular,
as the signal is easy to implement, it has the lowest possible crest factor, and a largely controllable
spectral-energy content [20].

Grid synchronization using phase-locked loop (PLL) introduces negative-resistance-like behavior
below the PLL crossover frequency [21], which causes the inverter output admittance to lose its
passivity, and thus a possibility for stability issues occurs [22,23]. Recent research has introduced
methods to improve the PLL performance [24] and stability in weak grids [25,26]. However, the PLL
crossover should be limited to minimize the frequency region of the negative-resistance-like behavior
to avoid impedance-based stability issues when the grid impedance increases.

Improved stability and performance of grid synchronization can be achieved by adaptive control
of the PLL, where its control bandwidth is limited when the grid-impedance increases [27-30].
Existing studies of the adaptive PLLs have proposed methods that improve the impedance-based
stability under various grid impedances. However, a practical implementation for adaptive PLL
that systematically optimizes the control performance in varying grid conditions still lacks from the
literature. This paper extends the research in [28] by introducing a practical implementation of the
adaptive PLL that optimizes the trade-off between the system robustness and PLL control performance
based on continuous evaluation of the impedance-based sensitivity function. In this paper, the system
sensitivity function is evaluated by applying real-time grid-reactance measurements based on the
PRBS methods. The measurement methods can be used to rapidly detect and react the changes in
grid impedance in order to ensure impedance-based stability. In the proposed methods, the PLL
bandwidth is controlled so that the maximum value of the system sensitivity function is kept constant
regardless of the grid conditions. This is equivalent to constant stability margins with the highest
possible PLL bandwidth, satisfying the desired system robustness. Therefore, more sophisticated and
systematic adaptive control of the PLL is provided that considers the optimal control performance in
addition to the system stability. This results in improved power quality and overall dg-domain control
performance under varying grid conditions.

The rest of this paper is organized as follows. Section 2 briefly reviews the modeling of three-phase
grid-connected inverters, PLL control design, and theory behind the impedance-based stability with
the use of sensitivity functions. Section 3 presents methods for continuously measuring the grid
impedance using PRBS injections and presents the flowchart of the adaptive process. Section 4 presents
the design of the adaptive PLL in detail for a small-scale prototype. In Section 5, the adaptive PLL is
implemented in MATLAB/Simulink, where the improvements on the control performance and system
stability are demonstrated. Section 6 shows the experimental implementation of the adaptive PLL
controller for laboratory hardware with 2.7 kW power level, and verifies the enhanced performance.
Finally, the conclusions are drawn in Section 8.

2. Modeling Grid-Connected Inverter

2.1. Impedance-Based Stability Analysis and System Sensitivity

Small-signal stability at point of common coupling (PCC) of interconnected systems can be
assessed by applying impedance-based stability analysis [3]. The analysis is performed in synchronous
reference frame (dq domain) in this paper. In the dq domain, the three-phase variables are represented
as two equivalent DC signals, and the impedance can be considered as two components (dd and qq)
with cross-couplings (dq and qd) between them. Due to the cross-couplings, the components cannot be
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analyzed separately and the generalized Nyquist stability criterion (GNC) for multi-input multi-output
(MIMO) systems has to be applied [5,31].

Figure 1a shows an equivalent small-signal circuit of source-load interconnection, representing
the inverter as a source and the grid as a load at their PCC. The grid impedance and inverter output
admittance matrices can be defined as

V4 V4
7 = g-dd g-qd
V4 V4

5

M

Yardd Y(Hd
Y, = !
[Yodq Y,

0-qq

g-dq 849

Figure 1b illustrates the control system equivalent for the interconnected subsystems, as the
current equation resembles a negative feedback system. Therefore, the stability analysis can be
simplified to observe only the eigenvalues of the return-ratio matrix L,(s) = Y,(s)Z,(s) as:

det[I+Y,(s)Z,(s)] = det[I+Ly(s))] =0 ()

The stability of the PCC is preserved if the return-ratio matrix satisfies the Nyquist criterion [5].
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Figure 1. Interconnected source-load subsystem (a) and its simplified feedback-system equivalence (b).

Power quality issues may occur even in stable systems, if the stability margins are low. Insufficient
stability margins can be identified by using a sensitivity function as presented in [32] for DC systems.
The system sensitivity function is based on the Nyquist stability criterion and can be considered as
an inverse of the Nyquist eigenloci’s distance to the critical point (=1, 0). Similar analysis applies for
MIMO systems but they require the use of generalized Nyquist criterion (GNC) of the return-ratio
matrix [33]. Thus, robustness of the MIMO systems can be analyzed by observing a system sensitivity

function, which can be given as
1

S6) = Gt L))

The sensitivity function appears in closed-loop transfer functions of the system seen from the
PCC. Thus, the control performance and power quality can be estimated from S(s) as it also describes
the transfer function from external disturbances to the output currents [34].

The maximum absolute value of S(s) is denoted as a sensitivity peak:

®)

)

Spee = max [S(s)| = max
0<s<c0 0<s<o0

1
det [I+ L.(s)] ’
The sensitivity peak rises to infinity when the system approaches instability. Low values for S,

are desired to avoid harmonics and stability issues. However, to achieve a low sensitivity peak in weak
grids, the inverter control bandwidths must be modified.

2.2. Small-Signal Modeling of Three-Phase Inverter with PLL

Figure 2 shows the studied photovoltaic (PV) inverter, and Figure 3 shows a block diagram
representing the inverter dynamics. The multivariable small-signal model of such a three-phase
grid-connected inverter in the dq domain has already been introduced in [35], so the present paper
only considers the PLL and its optimal control tunings in more detail. The synchronous-reference-frame
PLL (SRF-PLL) synchronizes the dg-control frame to the grid waveforms (grid reference frame) by
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regulating the sensed output voltage q component to zero. Because only the voltage q component is
regulated, the PLL loop gain can be given as a scalar transfer function:

Ki—[’ LL ‘/od

)= Q)

Ly, = G(-PI.I.GI’I.I Plant — (Kp-l’l.l, +

S S

where G,y is the internal PI-type controller of the PLL.
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Figure 2. Three-phase inverter connected to ideal grid.
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Figure 3. Inverter dynamics including (a) phase-locked loop (PLL) and current-control loops, and (b)
closed-loop transfer functions and DC-voltage control loop.
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The PLL plant consists of an integrator with a constant gain (V,,), which makes it possible to
provide simple control-tuning procedure, where the PLL loop gain’s phase margin (®;y) and crossover
frequency (f.,) can be fixed. The procedure considers the loop characteristics at f,,, where the loop
magnification is 0 dB and s = j27tf,,. This yields the following equation group,

Via
(47_[2 2) Kip

cot(—180° + Opy) =

V.,
<27T} >KP'PLL ©
O o K v,
1[(—180 -‘r@pM) = (KP'FLL + 27T]2-0> 27-[}‘“

where the desired phase margin ®;,, determines the ratio between the imaginary and real parts of the
PLL loop gain, whereas the final control gains set the loop magnification (0 dB) at f,,. By solving the
equation group, the controller gains can given as

Kip = p-Pl.l.zn’COt(*lsoo + ®|’M)fco

27 )
Koo = o
P Ve /cot(—180° + Opy)? + i

The complete PLL transfer matrix is solved as

L PLL

GPLL = [LchL - G(uroD] m

H., (8)
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which affects the admittance qq and dq components through D, I, and sensing gain Hy.
The derivation and related transfer functions of the impedance model are given in the Appendix A.

2.3. PLL Design Based on System Sensitivity Function

The PLL dominates the qq component of the inverter output-admittance below the control
bandwidth of L. Below the PLL bandwidth, phase response of the output admittance stays at
180 degrees with constant magnitude. The effect is usually referred as the negative resistance, which
dominates the inverter output admittance at low frequencies [21]. When the interfaced grid is inductive,
the impedance is mainly reactance and the phase is close to 90 degrees. This results in maximal phase
difference to the inverter output impedance. The PLL dominates the qq component of the inverter
output-admittance below the control bandwidth of L;,,. Below the PLL bandwidth, phase response of
the output admittance stays at 180 degrees with constant magnitude. The effect is usually referred
as the negative resistance, which dominates the inverter output admittance at low frequencies [21].
When the interfaced grid is inductive, the impedance is mainly reactance and the phase is close to
90 degrees. This results in maximal phase difference to the inverter output impedance.

Figure 4 illustrates the impact of the inductive grid reactance (a), grid resistance (b), and the PLL
bandwidth (c) to the system sensitivity function (3) below 300 Hz. The grid reactance and resistance
are increased in the same proportion with the X/R ratio of 5, which is typical for example for the
impedance of grid-interfacing transformers. When the inverter control system is kept constant,
higher grid reactance clearly increases the sensitivity peak (maximum of the function), but the
resistance has a negligibly small effect that actually slightly decrease the sensitivity peak. Additionally,
the higher PLL bandwidth in constant grid conditions increases the sensitivity peak. The increased
PLL bandwidth improves directly the voltage-tracking performance, and thus, the entire dq-domain
control performance. However, high PLL bandwidth and increased grid reactance decrease the system
robustness which can be seen from the increased sensitivity functions. The trade-off between the
robustness and control performance should be optimized by limiting the system sensitivity peak,
but at the same time, overly conservative PLL tunings should be avoided. From this, it is evident that
the PLL bandwidth has to be decreased when grid reactance increases. On the other hand, higher
bandwidths are allowed when grid reactance is decreased.
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Figure 4. System sensitivity functions as (a) inductive grid reactance increases, (b) grid resistance
increases, and (c) PLL bandwidth increases.
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3. Real-Time Impedance Measurements for Adaptive PLL

3.1. Maximum-Length Binary Sequence

Recent studies have presented methods based on Fourier techniques and broadband perturbations
for measuring the grid impedance in real-time [15]. In the methods, the impedance was measured
by the inverter itself: the inverter injects a perturbation current on top of the reference d or q current,
measures the resulting responses in the grid voltage, and applies Fourier analysis to extract the
corresponding frequency components in both the voltage and current. The grid impedance is then
determined by the ratio between the perturbation voltage and current. The signal sampling process
can be implemented without any additional data-acquisition units as the output voltages and current
are sensed anyway.

A maximum-length binary sequence (MLBS) is the most common form of the PRBS signals,
and has been applied as a perturbation in many previous studies. The MLBS is a widely used periodic
sequence that is easy to generate with a shift register and XOR feedback [36]. The MLBS is a wide-band
sequence that exists for N = 2" — 1, where n is the applied number of stages in the shift register.
The frequency resolution of the sequence is f,.. = f,../ N, where f,., is the generation frequency [19].
The required time for the measurement is given as T,,,. = PN/ f,.., where P denotes the number of
averaged periods. The binary sequences also have the lowest possible peak factor, so a relatively low
injection amplitude can be used when applying such sequences [20].

3.2. Grid-Reactance Estimation

The inverter control system is configured to continuously inject the small-amplitude MLBS on top
of the current reference d component, and responses from grid-side voltage and current are gathered.
The responses are transformed to the frequency domain and the grid impedance is calculated in
real-time as a ratio of grid current to voltage, as Z,(w) = r + jX(w) = U,(w)./I,(w) where r is the
resistance and X (w) the reactance. The d component is measured because the measurements of the q
component are deteriorated inside the PLL bandwidth [37].

The adverse interactions between the negative-resistance-like behavior of inverter impedance
(induced by PLL) and grid impedance can be evaluated by examining the grid reactance. The reactance
represents the imaginary part of the grid impedance, which is frequency-dependent. Thus, to compare
stiffness of different grids, the grid reactance is given at the fundamental frequency X, = X (60 Hz).
The grid impedance typically resembles inductive characteristics below 400 Hz [6]. Thus, the grid
reactance is assumed mainly inductive, which is proportional to frequency and the grid inductance.
Thus, X, can be estimated from the broadband grid-impedance measurement, performed for example
by the MLBS-based methods. The fundamental-frequency grid reactance can be computed from the

measured grid impedance by

x - mZ@]
w

s ©)
where the Im[Z,(w)] is the imaginary part (reactance) of the measured grid impedance, w is the angular
frequency, and w, is the fundamental frequency (27160 Hz).

A 31 bit long MLBS, generated at 1 kHz, provides a frequency resolution of 32.3 Hz. From the
measured grid impedance, X, is estimated from five different frequencies, so they all can be considered
as different estimates and are not polluted by the same disturbance such as the oscillation after the
transient. The frequencies, applied in the grid-reactance estimation should be chosen so that they are
not affected by the system’s most dominating periodic distortions, which in the dq domain are the
grid-voltage unbalance and harmonics [38]. In the dq domain, the unbalanced grid voltages appear
as oscillations at 120 Hz, the third (in-phase) harmonic occur only in zero component, not affecting
the measured d component, and the fifth harmonic appears at 360 Hz. Thus, the five frequencies
for the grid-reactance estimation are chosen as 193.5 Hz, 225.8 Hz, 258.1 Hz, 290.3 Hz, and 322.6 Hz.
These frequencies are below 400 Hz, and are not significantly polluted by neither 120 Hz nor 360 Hz
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oscillations. The final X, value is given as a median of these five estimates. By taking the median from
the five estimates, the measurement errors are significantly reduced and the measurement time is not
increased as is the case when using a conventional averaging over many measurement cycles.

3.3. Adaptive PLL

The design of the adaptive PLL in the work is based on the system sensitivity function.
The sensitivity function can be applied as an indicator for the robustness, and in this case also for
the control performance. By adaptively adjusting the PLL bandwidth based on changes in the grid
impedance, the sensitivity peak can be kept at a constant value which should be chosen as a good
trade-off between the control performance and robustness.

The applied design method is based on continuous functions from the measured grid reactance
to the internal PI-controller parameters of the PLL. Figure 5 shows a flowchart of the design process
and application of the adaptive PLL. The design process begins by modeling the inverter output
admittance over a wide range of PLL bandwidths and the grid impedance over wide range of the
inductive reactance values. The sensitivity peak is computed for each pair of the PLL bandwidth
and grid-reactance value. Next, the value for maximum-peak criterion (MPC) is chosen. The MPC
determines the desired sensitivity peak and operates as a design rule for the adaptive PLL. Based on the
chosen MPC, the optimal PLL bandwidth for each grid-reactance value is selected from the computed
sensitivity peaks so that the MPC is satisfied. In the last step of the design process, a continuous function
is fitted to the discrete pairs of the PLL bandwidth and grid-reactance values. In the application, the PLL
parameters can be adaptively tuned based on the real-time grid-reactance measurement.

; .
- PLL N Inverter Grid n Grid- :
=| bandwidths OL,jtPUt impedances reactance |
u admittances values =
.
. Computation of sensitivity peaks J H
H -> Sensitivity table .
. .
. .
H Set bandwidth so that the Desi | .
" MPC is satisfied for every (4— esign rule "
M - (MPC) .
" grid-reactance value .
. T T .
= Desi Bandwidth :
. esign Fit continuous function |« andwl =
" limitations =
= Process - .
fTusssssmsssnnnnnansnnnnnnngfaassnnnnnnnnnannnnnnnnnnna’
.-----I--------------------- EEEmEEEEEEEEEEEEEEEEEEEEEER
k : -

.
= App ication . . Real-time grid- :
H Function from grid le—] reactance .
" reactance to bandwidth -
- measurement .
. I .
.
. Calculate controller gains H
H from bandwidth .
H .
. ¥ Controller gains .
N NN NN SN SN EEEEEEEEEEEANEEEEEENEEEEEEEEEEEEEEEEE

Figure 5. Flowchart of adaptive PLL design process and application.
4. Implementation of Adaptive PLL Design

In this section, the adaptive PLL is implemented for a small-scale (2.7 kVA) prototype of a
grid-connected inverter. The control-design procedure (7) is applied to provide a continuous function
from the PLL bandwidth (considered here as f,,) to the controller gains, so that the phase margin
of the PLL loop gain remains at 65 degrees for every bandwidth. The inverter is connected to the
120 V grid. Therefore, substituting @, = 65° and V,, = V2 x 120V into (7), the controller gain can be
computed as

K, = 0.0336f,,

10
K|-|)|_|, = 0.0983 C% ( )
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where the proportional gain (K, ;) is linearly depended on the desired crossover frequency, whereas
the integral gain (K, ) has squared dependency.

Next, the function from the grid reactance to the PLL bandwidth is determined based on the
system sensitivity function. The inverter output admittance is modeled with the PLL tunings from
work in (10) with crossover resolution of 1 Hz, and it is denoted as Y,.(f.,). Other model parameters
are given in Tables 1 and 2. The grid impedance Z,(X,) is modeled for the small-scale prototype
(120 V, 2.7 kVA), where the grid reactance is varied from 0.038 to 4.0 Q2 with a resolution of 0.038 Q)
and the grid resistance (r, = 0.1 Q) is kept constant due to its negligibly small impact to the sensitivity.
The grid-impedance model is given in the Appendix A. The grid-reactance is varied in the model by
ranging the grid inductance (L,) from 0.1 to 10.6 mH, with a resolution of 0.1 mH. The equivalent
short-circuit ratio (SCR) range is from 150 to 4, which approximately corresponds to a reactance range
of 0.29 to 10.8 m() for a large-scale 1 MW inverter (in low voltage level). For every grid-reactance
value, the f,, that satisfies the chosen MPC is computed from (4). Figure 6 shows the PLL bandwidths
that satisfy most accurately the MPC limits of two (red line) and three (blue line), with varying grid
reactances from 0.038 to 4.0 Q.

Here, the MPC = 3 is applied as the design rule, representing blue line in Figure 6 to which the
continuous function is fitted. The least-square regression is applied in the curve fitting process.
A third-order function is fitted into modeled grids (with 106 different reactance values) and
corresponding PLL bandwidths that satisfy the MPC = 3 most accurately. Figure 7 shows the fitted
third-order function (black dashed line).

— 3 2
fo = —1343X7 +111.24X; — 327.03X, + 357.90 (11)

which accurately follows the individually adjusted pairs of the X, and the optimal PLL crossover
frequency. For the final implementation, the PLL bandwidth is limited to reasonable range, which can
be chosen arbitrarily. Black line includes the used upper (180 Hz) and lower (1 Hz) limits for the
PLL bandwidth. With the chosen bandwidth limitations, pure adaptive characteristics occur in grid
reactance ranging from 0.68 () to 3.4 (). In that range, the system sensitivity peak can be kept constant
(Speax = 3). The system becomes more robust (S,... < 3) when grid reactance lies below 0.68 (2. With grid
reactances higher than 3.4 (), the sensitivity peak starts to increase but small-signal instability will be
avoided also in extremely weak (SCR < 2, translates here to X, > 8 Q) grids [26].
The final controller gains are generated by substituting (11) into (10) as

Ko = 0.0336(—13.43X3 + 111.24X2 — 327.03X, + 357.90)

12
K = 0.0983(—13.43X> + 111.24X? — 327.03X, + 357.90)2 12

Real-time measurement of the grid reactance is required for the adaptive control. In the
implementation, the applied MLBS amplitude is 0.1 A (< 1 % of the nominal current), the reactance
value is refreshed every 31 ms. The grid-reactance measurement is filtered through a first-order
low-pass filter with a time constant of 1 s, to reduce the undesired fluctuations of the PLL bandwidth at
the steady state. However, a rapid change in grid impedance may destabilize the system relatively fast.
To tackle this challenge, an auxiliary trigger is implemented to the adaptive controller. If the measured
grid reactance (prior filtering) is 0.6 Q) greater than the filter output, the control interprets this as
an rapid grid-impedance change, and injects an impulse-like signal to the measured grid reactance.
This decreases the PLL bandwidth within tens of ms, so that the stability is preserved even in drastic
grid impedance changes, such as grid faults. In this work, the impulse-like signal is generated by
multiplying the latest reactance-estimation value by a factor of ten, so long that an overshoot into the
filter output is produced, which, in a sense, bypasses the slow time-domain filtering.
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Figure 6. PLL bandwidths which satisfy maximum-peak criterion (MPC) as a function of grid reactance.
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5. Simulations
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The presented approach for adaptive control of the PLL is validated by implementing the method
in MATLAB/Simulink. Figure 8 shows a three-phase inverter with the adaptive PLL structure
and real-time grid-reactance measurement system, which are implemented to a 2.7 kW three-phase
inverter that is connected into the 120 V/60 Hz grid. The model parameters are given in Table 1,
which replicates the experimental small-scale set-up. The inverter control parameters are given in
Table 2. The performance of the adaptive PLL is illustrated in changing grid conditions, where rapid
changes are made to the grid impedance or grid voltage phase angle.

Table 1. Parameters of small-scale prototype.

vV, 120V f, 60Hz f. 8kHz
Vi 414V I, 652A Dy 0412
Vi 1202V V, 0V D, 00213
Le 106A r.  01Q L 22mH
Ce 15mF
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Table 2. Control parameters.

AC-current controller K, ,c =0.0149  Ki,c =23.4423
e =0.0962  Kipc =1.2092

DC-voltage controller K,

Vg_q

1

abe ; » Reactance | Xqg Gain Adaptive PLL i
Lo da]—>=%»| Estimation Adjustment |
abc\J—> 1

5 lo—q vabe | Jabg i

Og dg |

% T |
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AC-current | .
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Figure 8. Three-phase inverter with adaptive synchronous-reference-frame PLL (SRF-PLL).
5.1. Adaptive PLL in Varying Grid Conditions

The adaptive adjustment of the PLL control parameters is based on the real-time measurements
of the grid reactance. Figure 9 illustrates the basic operation of the adaptive control in significantly
varying grid conditions. The inverter is placed in a remote location, where two equal transmission
lines (inductive, X;; = 3.0 (2) are used for a connection to the main grid. Thus, the transmission lines
mainly characterize the grid impedance. As two equal lines are occur, the grid-impedance is half
(X, = 1.5 Q) of the individual line impedance. At 0 s, the inverter is connected this grid, and the grid
reactance is measured during the inverter start-up. From the grid-reactance measurement, the PLL
bandwidth is computed as in 11 and the controller gains as in 12. The PLL bandwidth is adaptively
set to 72 Hz after the start-up process. Suddenly at 10 s, the second transmission line is disconnected
due to, for example, grid fault or maintenance. The rapid increase in the grid impedance triggers the
impulse to the filter and overshoot in the measurement appears. Due to the filter overshoot, the PLL
bandwidth is decreased close to 1 Hz, and the possible stability issues are avoided. Once the adaptive
system is recovered from the drastic change in grid impedance, approximately 1 s after the transient,
the PLL bandwidth is set 15 Hz. At 20 s, the second transmission line is reconnected, and the PLL
bandwidth is increased back to 72 Hz.

5.2. Performance in Weak Grid

In this simulation, a comparison between the conventional PLL and the adaptive implementation
in weakening grid conditions is performed. Figure 10 shows phase currents, current q components,
and bandwidths of the compared PLLs. The SCR decreases from 11.5 to 5.1 at 0.02 s, which translates
to grid-reactance values of 1.4 and 3.2 (), respectively. The conventional PLL is optimized to 1.4 ) grid
(constant 80 Hz bandwidth is applied) in which the inverter is connected in the beginning of the test
run. When the constant 80 Hz PLL is applied during the grid-impedance transient, oscillations around
130 Hz appear in currents. This is an indication of insufficient stability margins. Figure 11 shows the
analytical sensitivity function for the inverter (80 Hz PLL) connected to the weak (X, = 3.2 () grid and
the Fourier-transformed I,, during the oscillations. The analytical sensitivity peak rises close to 100 at
130 Hz, thus accurately predicting poor stability margins and oscillations around the peak frequency.
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These impedance-based stability issues between high PLL bandwidth and weak grids can be avoided
by the adaptive control of the PLL. The rapid increase in the grid impedance is noticed approximately
8 ms after the transient, and the PLL bandwidth is decreased from 80 Hz to 10 Hz. This readjustment
mitigates the oscillations in the currents and significantly improves system stability margins.
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S 20r £
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o« 40 g
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= 1.0 m
5 20
1 : 0
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‘ . ‘ o
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Figure 9. Real-time measurement (blue) of grid reactance, its known value (black dashed), and adaptively
adjusted PLL parameters.
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Figure 10. Performance comparison of adaptive and 80 Hz PLL in weakening grid conditions.



Energies 2020, 13,1173 12 of 18

Desired MPC

Sensitivity (abs)

(% of Nominal)

oq

0 50 100 150 200 250 300 350 400
Frequency (Hz)

Figure 11. Predicted sensitivity function and produced distortions during grid transient.
6. Experiments

6.1. Experimental Set-Up

A power hardware-in-the-loop (PHIL) set-up for the three-phase grid-connected PV inverter is
used to test the adaptive control system in downscaled conditions with relatively high amount of
background harmonics and distortions. The PHIL setup includes a three-phase grid emulator, a PV
emulator, a three-phase inverter, and an isolation transformer. A real-time simulator (dSPACE) runs
the control system of the inverter, which enables testing of the proposed control schemes to the real
hardware. The inverter operating point and control system are equivalent to the simulations, given in
Tables 1 and 2. The grid-side impedance is changed by switching on or off the bypass relays of the
additional inductor located between the inverter and the grid emulator.

6.2. Adaptive Control during Grid Transients

Figure 12 illustrates the operation of the adaptive control. The upper part shows the grid-reactance
measurement and the lower part shows the adaptively adjusted PLL bandwidth. The system is
connected to a relatively strong grid, as grid-reactance measurement is settled around 1.7 (3 (SCR ~ 9.4)
and the PLL bandwidth is adaptively adjusted approximately to 57 Hz. At2s, a sudden increase in grid
impedance occurs that triggers the impulse to the measurement filter. The grid-reactance measurement
settles around the 2.3 () (SCR = 6.9) after an overshoot that decreases the PLL bandwidth rapidly.
Next, the PLL bandwidth is adaptively set to 29 Hz. The grid reactance decreases back to 1.7 () at 6.5 s,
and the original steady-state bandwidth (57 Hz) is obtained after two seconds.
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Figure 12. Adaptive control during changes in grid impedance.

6.3. Performance Comparison in Weak Grids

Figure 13 shows the performance comparison between the constant and adaptive PLLs. First,
the grid is stronger, with approximately 2.0 () grid reactance (SCR ~ 8.0) where the PLL bandwidth
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is adaptively adjusted approximately to 40 Hz. The conventional PLLs with constant bandwidths
(40 and 50 Hz) are applied as a comparison to the adaptive implementation. In the experiments,
the grid reactance is suddenly increased to approximately 3.4 Q) (SCR = 4.7) at 0.1 s, where the
adaptive control proposes 1 Hz PLL bandwidth. The rapid increase in the grid impedance is noticed
50 ms after the transient, and the adaptive implementation (blue lines) decreases the bandwidth from
40 Hz to 1 Hz. With this adaptive readjustment, the oscillations in I,, and V, (blue lines) are effectively
mitigated. With a constant 40 Hz PLL (red lines), the voltages and currents remain oscillating after the
transient, which indicates insufficient stability margins. The inverter with a constant 50 Hz PLL (gray
lines) becomes unstable (or marginally stable) after the transient, extremely high oscillations appear in
the waveforms, and the system cannot recover from the grid-impedance transient.
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0 0.2 04 056 08
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Figure 13. Performance comparison of adaptive PLL and conventional high-bandwidth PLLs in
weak grid.

6.4. PLL Performance during Phase Jump

Voltage-tracking performance of the PLL decreases when low bandwidths are applied. However,
too high PLL bandwidth produces oscillating responses or even unstable operations especially in the
weak grids. Here, this clear trade-off is optimized by using the sensitivity-function-based analysis.
Figure 14 shows the transient response in V, during a 30 degree phase jump in grid voltages. Different
PLL bandwidths are compared in a grid with approximately 2.1 ) grid reactance (SCR =~ 7.6).
The adaptive control proposes approximately 38 Hz PLL bandwidth, to provide the sensitivity-peak
value of 3 under the present grid impedance. The adaptive PLL is compared to higher (50 and 70 Hz)
and lower (1, 10, and 20 Hz) bandwidths. As shown in the figure, oscillations are magnified when
higher PLL bandwidths are applied. This indicates increased value for the sensitivity functions,
and thus, insufficient stability margins. The oscillations are mitigated by using a lower PLL bandwidth.
However, a lower bandwidth decreases the voltage-tracking performance as the settling time of V,
is increased. Here, the non-zero V, means a momentary loss of the optimal grid synchronization
that affects the whole dg-domain control performance of the inverter. Therefore, a good trade-off
between high and low bandwidths can be achieved by considering the desired value of the system

sensitivity peak.
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Figure 14. Performance comparison of different PLLs during phase jump in grid voltages.
7. Discussion

The grid impedance changes are chosen to demonstrate the performance of the proposed adaptive
optimization of the PLL bandwidth. Consequently, this work does not consider any specific fault
types, but instead, demonstrates the behavior of the proposed adaptive PLL in more general level.
The presented work is a proof-of-concept for the adaptively tuned PLL based on real-time grid
impedance measurements, and more specific case studies with certain grid-fault types remain a
future topic.

In this work, the grid estimation algorithm for the adaptive control assumes the grid connection
to be mainly resisitive-inductive, which typically is the case for remote PV inverters, where the
grid impedance consists of mainly transmission lines and transformers. However, the applied
reactance estimation also takes into account the capacitive characteristics of the grid, but a thorough
analysis of the operation in LC-resonant grids is not included in the scope of this paper. For example,
poorly damped low-frequency LC resonances may deteriorate the estimation and adaptation process.
However, in normal systems these resonances rarely take place below 400 Hz, where the grid estimation
takes place.

8. Conclusions

This paper has presented a method to adaptively adjust the PLL parameters of grid connected
inverters based on real-time measurements of the grid impedance. To optimize the PLL controller
parameters to match current grid conditions, a continuous function from the measured grid impedance
to the optimal PLL bandwidth is created. In the method, the PLL control system is continuously
readjusted by considering the optimal sensitivity peak of the system. A maximum-length binary
sequence (MLBS) perturbation is applied to obtain the grid-impedance estimates in real time. Based
on the measurements, the PLL parameters were readjusted to the current operating conditions, thus
avoiding instability, excessive system sensitivity to external disturbances, and overly conservative
control tunings. Simulation results and experiments based on power hardware-in-the-loop tests of a
three-phase photovoltaic inverter show significant improvements in the PLL and overall control
performance under varying grid conditions. Adaptive control of the PLL also increases fault
ride-through capability as the inverter disconnection can be avoided during drastic grid transients
and faults. Adjusting the PLL parameters to match the grid conditions ensures both good control
performance in strong grids, and robust operation in weak grids.
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Appendix A
In the inverter model, the state vector and output and input vectors are defined (respectively) as:

T

~ ~ 1T n » 21T ~ A A P
X = [l i 0] Y = [04,0, 700, 1,g) , U= [1m,0,vod,vaq,dd,dq]

State-space matrices:

-+ w0 00 -4+ 0o P 0 0010
e g B0l {00 0 & 0 N _ 0000
A=l 3p, 3B, 0 O’Bf 1 09 0 0 —3hs _3hg €= 100 0

2 C 2C C 2C 2C

0 0 0 0 00 0 0 0 0 0100

where upper letters denote the steady-state values.
Applying Y(s) = [C(sI— A)~!B] U(s), the 2 x 2 transfer matrices from input to output are
collected together as

Z,, Tao G
Y= [G Y., G} ve)
The decoupling matrix:
B AL
wsLi/ Vi, 0

The decoupled current-control loop gain and the loop:

Lcc - Gcn—o(Gc—mn - Gdec)Hout
Gcc = LCC(I + Lcc)71

The closed-loop output dynamics:

Y = (I+Lee) (Yoo + Gow)
G, = (I+ L) 'GowGuro

refo

The input dynamics:
T: = Tmo + Gci—oG_l (Gcc(Yo—o + GPLL) - GPLL)

co-0

G, = Guo(Guo) I - G.)Gou G

refi

The DC-voltage control loop gain:
Lo = G GenHi

refi

The transfer matrices related to the PLL effect:

0 _Dq = |:8 ILIq :|/HPI_L = |:8 (1):|
1

0 Dy

D=
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The inverter output admittance:

Y, = Y+ G5 G Hy (T4 L) TS

refo oi

where the PLL transfer matrix (8) is included to Y and T<.

The expanded form of the inverter output admittance:

Ll’l.l
Y= (I+La) ! (Y 4 (Ll - G...D) {7) H} ) +

Voa(1+ Loy
G, G Hi(I+ Loc) "YTao + Ga G (G (Yo + (LecLy — G, D) %

refo co-0

LPI.I.

7HI’LL
Vall+ Lo o))

Loy
7HPLL — (L IL - Gcn-nD
) - |

The resistive-inductive grid impedance in dq domain:

re+Ls Lw

Z(L,) =
(L) —Lw 1,4+ Lgs
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Abstract—The amount of grid-connected power electronics is
rapidly increasing and their effect to power quality becomes
important especially in areas with high penetration levels. In
weak grids with significant grid impedance, the inverter control
performance usually decreases and the impedance-based stability
issues may arise. A method to analyze the stability issues and
to improve the inverter control performance is to consider the
grid as a load effect in the small-signal model of the grid-
connected inverter. Studies have shown that the bandwidth of
the inverter current-control loop decreases in the weak grids
through the load effect, and consequently, the controller ability
to mitigate harmonics is weakened. This work introduces an
adaptive method that keeps the bandwidth of the control loop
constant under varying grid conditions. Additionally, an adaptive
Notch filter is added into the current-control loop in order to
avoid possible stability issues caused by the interactions with the
LC-filter resonance and the grid impedance. Improved control
performance and stability under various grid conditions are
demonstrated through power hardware-in-the-loop tests with a
kW-scale three-phase inverter.

I. INTRODUCTION

The amount of the grid-connected inverters have been
rapidly increasing, mainly through growing interests into the
renewable energy [1]. In many areas the instantaneous power
generation through the inverters may increase temporarily over
50 %. As a consequence, the power system operation has
become highly depended on control performance and stability
of the grid-connected inverters [2], [3]. The grid characteristic,
especially high grid impedance, has a major impact on the
inverter control performance and the system stability [4]-[6].
The impact of the grid impedance can be included into the
inverter dynamic model as a load effect [7]. The load-affected
models include an additional term that resembles a negative
feedback loop and contains information about the present grid
impedance. These models have similar information about the
stability that is usually achieved from the impedance-based
stability assessment [5].

By applying the load-affected inverter models, the system
stability and performance can be accurately predicted under a
certain grid impedance [7], [8]. Consequently, those models
should be applied in the inverter optimization process when
the grid impedance is a known parameter. However, the grid
impedance is often an unknown parameter that usually varies
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between the connection points and time [9], [10]. This makes
the online frequency-response measurements, performed dur-
ing the normal operation under the present grid conditions,
the most desired when analyzing the system stability and the
control performance of a grid-connected inverter [11]-[13].

This paper considers a load-affected current-control loop,
which usually acts as the innermost control loop in the grid-
following inverters. In weak grids, where the grid impedance
is significant, the bandwidth of the current-control loop de-
creases through the load effect [8]. This weakens the control
performance, for example by increasing settling times and
decreasing the ability to mitigate low-order harmonics from
the produced currents. The grid impedance also affects the
magnitude and frequency of the high-frequency resonance
peak, that is caused by a grid-side filter [6], [14]. These effects
are analyzed through analytical models and online frequency-
response measurements under various grid conditions.

To improve the inverter control performance under vary-
ing grid conditions, this paper introduces adaptive methods
for optimizing the current-control loop. In the methods, an
adaptively-adjusted Notch filter mitigates the stability issues
arising from the AC filter, and load-affected bandwidth of
the current-control loop is kept constant by re-adjusting the
controller parameters to match the present grid conditions.
The methods are based on online frequency-response mea-
surements of the inverter current-control loop. In the measure-
ments, a small-amplitude sine wave is applied as a perturbation
for continuously re-adjusting the current control loop, and
a pseudo-random binary sequence (PRBS) is applied for
adjusting the Notch filter. The measurements and adaptive
processes are performed by utilizing the control system of the
existing inverter, and thus, no additional sensors are required.
Online measurements and the improved control performance
in various grid conditions are shown from a power hardware-
in-the-loop test setup, which include a kW-scale three-phase
inverter.

The reminder of this paper is organized as follows. Section
I presents the load-affected small-signal modeling of the
grid-connected inverter, and introduces methods for measuring
the current-control loop online. Section III introduces the
adaptive process, which includes parametrization of the Notch
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Fig. 1: Grid-connected three-phase inverter.

filter and continuous re-adjustment of the controller gains to
match present grid conditions. Section IV demonstrates the
implementation of the adaptive process in MATLAB/Simulink
simulation. In Section V, experiments with power hardware-
in-the-loop setup show online measurements of the current-
control loop and illustrates the improved control performance
in weak grids. Section VI draws the conclusion.

II. GRID-CONNECTED INVERTER
A. Load-Affected Small-Signal Model

Fig. 1 shows a simplified block diagram of a grid-connected
three-phase PV inverter with an LC-type filter. A DQ-domain
control system is applied, which is synchronized to the
voltages over the LC-filter capacitors, and a feedback for
the current control is measured from the inductor currents.
The inverter open-loop small-signal transfer functions (2 x 2
matrices) can be represented as [4]

. i
Voc| Z,., T, G, N
{1} = {G Y., G| |% O
— ———m———— d
G

where G is a transfer-function matrix from input to output
variables, which are shown in Fig. 1.

As the inverter is connected to the real grid, the grid
impedance is present and results in a load effect. The load
effect appears as the output current affects the grid voltage
through the grid impedance Z,. Consequently, the grid voltage
affects the currents through the inverter output admittance
(Y,,). As a combination of these two effects, an additional
term appears in the inverter transfer functions. This term re-
sembles a feedback loop and can be written as [I + Yo_‘,Zg]fl.
Similar transfer function is analyzed in the impedance-based
stability analysis [5]. The load-affected modeling becomes
practical option to assess the system stability and to predict
its control performance, as it can be added to the open-
loop transfer functions. For example, the load-affected transfer
function from the duty ratios to the output current (G,,,) can

be written as [7]
Gcom_ = (2)

To produce complete closed-loop small-signal model of
the inverter, the closed control loops must be included to
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Fig. 2: Small-signal model of current-control loop.

the model. The grid-following PV inverter (shown in Fig.
1) is used as an example in this paper. The inverter can be
controlled with a cascaded control scheme in the DQ domain.
In such control scheme, an outer loop adjusts the inverter DC
voltage to the maximum-power point of the PV generator. The
controller applies relatively low bandwidths and removes the
need for an additional DC-DC converter. The innermost loop,
controlling the three-phase output currents, applies a controller
with a higher bandwidth. Additionally, a phase-locked loop
(PLL) is applied to synchronize the inverter control frame
to the grid voltages, which is required when the DQ-domain
control system is applied.

B. AC-Current Control Loop

Fig. 2 shows the block-diagram representation of the load-
affected current-control loops, where the transfer matrices are
divided to direct (dd and qq) and crosscoupling components
(dq and qd). Sensing gains and a pulse-width modulator are re-
placed by a time delay T, = 1.5/ f.,, where [,, is the converter
switching frequency. A third-order Pade approximation of the
time delay is included to G.,.,.. The controllers are denoted as
G4 and G, for dd and qq channels, respectively. Additional
digital filters, implemented into the loop, are denoted by G/,
and G.,,. The DC-voltage controller and grid-synchronization
are neglected from the model as they have significantly lower
bandwidth than the current-control loop. The current-control
loop gains can be written as

Go40Geoaq1 GrgeGeaoGeoqar Gras
(14 GegoGeraq Gy
Gc-qq Gco-qd-L Gf-dd Gc-dd Gco-dq-L Gf-qq
(1 + Gc'ddGco'derGfrdd)
C. LC Filter with Grid Impedance
The LC filter and an interfaced grid inductance (L,) form

an LCL circuit, whose properties depends on the filter design
and the grid impedance. Its resonant pole appears at
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where L, is usually unknown. The value of L, depends on the
connection point, and may vary over time. This pole appears
as a resonant peak in the current-control loop gain, and is
affected by the grid impedance similar to the load-affected
transfer functions. The peak is usually located at significantly
higher frequencies than the inverter control bandwidths. In
high frequencies, the control delay has usually decreased the
phase below -180 degree, which may cause stability issues at
high frequencies. These stability issues may arise especially in
weak grids with significant L,. The issues can be avoided by
adjusting the current-control loop characteristics not to interact
with the high grid impedances.

D. Online Measurements of Loop Gain

A method for the online current-control loop measurements
is introduced in [8]. In the proposed method, perturbations
are injected on top of the current reference, loop responses
are measured from both sides of the injection point, and the
frequency response is computed as a relation of the responses.
The resulting online curren-control loop-gain measurement
includes information about the control dynamics and the
LC filter through the load effect. Thus, the same dynamic
interactions between the grid and the inverter can be predicted
as from the conventional impedance-based stability analysis,
where the grid impedance and inverter output impedance have
to be modeled or separately measured [15]. This makes the
online loop measurement practical in assessing the inverter
stability during its normal operation under the present grid
conditions [7], [8].

In the frequency-response measurements, the applied pertur-
bation signal determines the properties of the measurement.
The sine waves can be applied to excite one frequency at
time or a sweep of sines over many frequencies [16]. This
method provides accurate results but is quite slow when a
wide frequency band has to be measured. An alternative is
to use a broadband perturbations, with which a number of
frequencies can be simultaneously analyzed within a sin-
gle measurement cycle. A maximum-length binary sequence
(MLBS) is a widely applied broadband perturbation, which is
easy to generate and have many attractive characteristics in
both time and frequency domains [12], [15], [17].

III. ADAPTIVE CONTROL
A. Adaptive Notch Filter

The LC-filter and the grid impedance form a resonance
peak to the load-affected current-control loop. The frequency
where the peak appears depends on the grid inductance as
shown in (5). In weak grids the grid inductance is significant
and the resonance peak is magnified through the load effect
which may result in stability issues [6]. Additionally, the
current-controller gains proportionally magnify the resonance
peak. Consequently, the resonance peak sets upper limit for
the controller gains that can be applied in the AC-current
controller. This is an issue especially in weak grids where the
resonance peak is already magnified by the grid inductance,

[N Wy

Filter

Parametrization

Fig. 3: Parametrization and implementation of adaptive Notch filter.

and higher gains should be applied in the current-control loop
to increase the load-affected bandwidth.

To increase the gain limits in the AC-current controller,
a digital Notch filter is added to the current-control loop to
introduce damping at the LC-resonance frequency [14]. In this
work, a second-order Notch filter, with a unity quality factor
is applied. The filter transfer function can be written as

s2 +wd
82 + wos + w?
where wy is center frequency of the filter. For a practical
implementation of a digital filter, (6) must be discretized.
This can be performed by using, for example, the Tustin
approximation, yielding

G = (6)

G =u(k) [a—bZ7" +az7?] —y(k) [-0Z27" + cZ77]
(7
where Z~! is the unit delay, determined by the sampling time
T of the control system. The parameters for the digital Notch
filter are computed as

wa = woTs/2
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The frequency and magnitude of the resonance peak de-
pend on the grid inductance, which is usually an unknown
parameter. This makes the use of the online current-contol
loop measurements practical when adjusting the Notch filter.
In this work, the MLBS is applied as a perturbation to
achieve fast measurement over a wide frequency band. From
the resulting broadband measurement, the resonance peak is
observed as a local maximum at frequencies higher than the
control bandwidths. The frequency of the resonance peak is
set as a center frequency wy in the Notch-filter adjustment
process. Fig. 3 shows a block-diagram presentation of the
parametrization process of the discrete Notch filter, where the
center frequency wy is observed from the online measurement
and fed to the parametrization (8).

b
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B. Adaptive AC-current control

The adaptive procedure adjusts the controller parameters so
that the loop magnification is 0 dB at the selected bandwidth
frequency (f.), that is, the bandwidth is kept constant. The
selection of the bandwidth can be made arbitrarily, depending
on the desired loop characteristics. System delays and the LCL
resonance between the filter and the grid impedance set the
upper limit for the gains. However, the upper limit can be
significantly increased by applying the proposed Notch filter
[14].

Fig. 4 shows a practical implementation of the adaptive
method. During the inverter start-up the Notch filter is adjusted
(possibility to re-adjust) with the use of the MLBS measure-
ments. After this the adaptive process can be launched. The
loop is continuously perturbed by a small-amplitude sinusoidal
current at a frequency of f. (f.) and the corresponding loop
responses (L and Lq,;) are measured. The responses are fed
to the adaptive loop where they are compared in a synchronous
frame, rotating at f... The error signal is fed to the PI-controller,
whose output continuously adjusts the current-controller gains.
Consequently, magnification of the current-control loop is
regulated to 0 dB at f.. Symmetrical controllers are applied
in the d and q channels, thus the adaptive process adjusts the
parameters in both controllers G, and G .

IV. ANALYTICAL MODEL AND SIMULATIONS

The analytical modeling and the simulations are performed
to illustrate the load-affected current-control loop and its
adaptive optimization method. A three-phase inverter with a
2.7 kW nominal power is connected into the 120 V/60 Hz grid.
The LC-type filter is applied where L; = 2.2 mH and C = 10
pF. Table I in Appendix shows the other applied parameters,
which are approximations from the experimental setup.

Fig. 5 shows the modeled AC-current control loop gains (dd
component) in different grids. Blue line (ideal grid) represents
the current-control loop gain when the load effect is not
included in the model and the loop bandwidth is set to 300
Hz. The same control parameters are applied under various
grid impedances, from relatively strong (inductance 2 mH)
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Fig. 5: Loop gains under different grid impedances.
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Fig. 6: Loop gains with adaptive gain adjustment.

to weak (10 mH) grids, and the load effect (2) is taken into
account. It is clearly shown that the grid impedance reduces
the loop bandwidth through the load effect. For example under
the 10 mH grid, the bandwidth is 80 Hz which strongly affects
the inverter performance, as the harmonics are mitigated
effectively only inside the bandwidth.

The bandwidth can be increased by using higher gains in the
current controller. However, the LCL-resonance peak (located
around 1200 - 1400 Hz in Fig. 5) is also magnified when the
gains are increased. The phase of the current-control loop is
decreased below -180 degrees around the peak which causes
stability issues if the magnitude rises above 0 dB around those
frequencies. Fig. 6 (a) shows the analytical loops, when the
gains are increased so that the load-effect is compensated to
achieve the 300 Hz bandwidth in every grid. Fig. 6 (b) shows
the magnified resonance peaks under weak grids (5, 7 and 10
mH). As the peak is magnified above 0 dB with negative phase
margins, the unstable operations and harmonic resonances at
high frequencies are predicted. However, the proposed Notch
filter may damp the resonance peak and increase the gain limits
(illustrated in the experiments).

Fig. 7 shows the adaptive operation during the inverter start
up, where the Notch filter is adjusted at 1 s to increase the
gain limits. Here the desired AC-loop bandwidth is set to 300
Hz. Thus, the current reference is perturbed at 300 Hz. By
comparing the 300 Hz amplitudes of L. (grey line) and Ly
(blue line) signals in the synchronous frame, the PI-controller
is able to adjust the AC-controller gains so that the desired
control bandwidth is obtained. The suitable controller gains
are found approximately at 3 s when the amplitude of Ly
equals to L, amplitude, and the load effect is compensated.
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Fig. 8: Effect of the different grid impedances.

The lower parts of the figure show the amplitude difference at
1.4 s (b) and at 4.8 s (c) to illustrate the error signal applied
in the adaptive loop that is regulated to zero by adjusting the
current-controller gains.

V. EXPERIMENTS

The experimental tests are performed with a power
hardware-in-the-loop setup, which consists of a three-phase
grid emulator (voltage amplifier), a PV emulator, and a 2.7
kW three-phase inverter. The inverter is connected to the grid
emulator through an isolation transformer and various three-
phase inductors that emulate different grid impedances. The
inverter control system is implemented in a real-time simulator.
The applied control parameters and hardware parameters are
given in Table I in Appendix.

A. Load-Affected Current-Control Loop Measurements

A 2047-bit long MLBS was generated at 4 kHz, thus
providing a frequency resolution of 1.95 Hz (4000/2047 Hz).
The MLBS is injected to the loop in accordance with Fig. 4,
and the same responses (L, and L) are measured as done
in the adaptive process, where the single-sine injection was
applied. These MLBS-based measurements are applied in the
Notch filter parametrization, where the LCL-resonance peak
frequency is required.

Fig. 8 shows current-control loop measurements under three
different grid impedances. The bandwidth of the current-
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Fig. 10: Currents in d channel with and without optimized Notch filter.

control loop is adjusted to 300 Hz when the loop is designed
for an ideal grid. Blue line represents the current-control loop
measurement under a strong grid where the grid impedance is
negligibly small, and the load effect has a negligible impact
on the loop bandwidth. Black and red lines represent the loop
gains when a significant grid impedance is present, and the
decrease in the bandwidth is clear in both cases. For example,
when the inverter is connected to a weak grid (L, = 9 mH), the
bandwidth is decreased to as low as 104 Hz. Additionally, the
effect of L, to the high-frequency resonance peak is shown.
Due to the grid impedance, the resonance is magnified and the
peak appears at lower frequency.

Under a weak grid, the high-frequency resonance peak
limits the controller gains. Fig. 9 shows online current-control
loop measurements under 9 mH grid inductance with two
different controller gains. Red line represents the same mea-
surement as in Fig. 8, and blue line represents the loop when
the controller gains are increased to their practical limits. In
this case, the bandwidth can be increased from 104 Hz to
187 Hz by simply re-adjusting the controller gains. However,
further bandwidht increase is not possible by simple controller
gain tuning, because the gain margin already becomes very low
(0.6 dB) around 1300 Hz. The system has became relatively
sensitive to high-frequency disturbances due to low stability
margins. By increasing the controller gains without applying
the proposed Notch filter, stability issues will arise. Fig. 10
shows the d-channel current (blue line) when the controller
gain is increased above the limit, and excessive harmonic
resonances appear around 1300 Hz. Black line shows the
current when similar controller gains are applied, but the
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resonance peak is mitigated by the optimized Notch filter.
By adding the optimized Notch filter, the controller gains can
be increased without destabilizing system around the high-
frequency resonance peak.

B. Adaptive Loop Optimization

Figs. 11 and 12 show effect of the adaptive optimiza-
tion process to the current-control loops under two different
grid impedances. Red lines (in both figures) show the loop
measurements during the inverter start-up, when the adaptive
process is not started yet. The current-controllers are tuned
offline for a 300 Hz bandwidth in ideal grid. However, the
load effect decreases the bandwidth significantly when the grid
impedance is present. To increase the practical limits for the
controller gains, the Notch filter is adjusted to damp the high-
frequency resonance peak. As the filter parameters are known,
the resonance peak is not expected to appear below 1 kHz.
Thus, the local maximum of the measured loop is observed
above 1 kHz, and the maximum is chosen as the central
frequency of the Notch filter. The central frequency of the
Notch filter is set approximately to 1300 Hz under 4 mH grid
and to 1150 Hz under 9 mH grid. Black lines show the loop
measurements when the optimized Notch filters are added to
the loops. The filters clearly mitigate the resonance peaks, and
consequently, increase the upper limit for the controller gains.
After adjusting the Notch filters, the adaptive optimization
of the bandwidth is performed as illustrated in Fig. 7. The
desired bandwidth is set to 300 Hz in both experiments. Blue
lines show the final current-control loops, when the adaptive
process has adjusted the controller gains so that the 300 Hz
bandwidth is achieved. It can be seen that the use of the Notch
filter enables to adjust the controller gains that provide 300
Hz bandwidth. As Fig. 9 showed, the practical limit for the
bandwidth is around 187 Hz in 9 mH grid when the Notch
filter is not applied

C. Harmonic Mitigation with Adaptive Loop

In the next experiment, the inverter is connected to a weak
grid (9 mH inductance) where a slight unbalance (2 %) and
third harmonic (2 %) are present in the grid voltages. Under
such grid conditions, the performance of different current-
control loops are illustrated by testing their ability to mitigate
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Fig. 12: Loop optimization under 9 mH grid impedance.
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Fig. 13: Effect of the loop gain under weak grid with 3rd harmonic and
voltage unbalance.

low-order harmonics from the produced currents. Upper part
of Fig. 13 shows magnitudes of the applied current-control
loops, from which the control bandwidths can be observed.
Blue line represents the loop that is adjusted by the proposed
methods, and the bandwidth is adaptively set to 300 Hz. The
grey line represents an offline tuning where the load effect
is not taken into account. The effect of lower bandwidth is
illustrated by a loop shown with red line. The resonance
around the bandwidth is produced through the load effect,
but is damped relatively well when higher controller gains
are applied. The lower part of the figure shows the harmonic
content in the produced currents, where the colors match to the
loops in the upper part of the figure. It can be seen that the
harmonics are effectively mitigated inside the bandwidth of
the current-control loop. With the lowest controller gains (red
line), the bandwidth is approximately 60 Hz. Thus, significant
amount of second (120 Hz) and third harmonics (180 Hz) are
produced. The loop (grey line) with a 160 Hz bandwidth is
able to mitigate second harmonic but not the third harmonic.
The adaptive loop (blue line) effectively mitigates all the low-
order harmonics as its bandwidth is re-adjusted to match the
weak grid.

VI. CONCLUSIONS

A properly designed grid-connected inverter typically miti-
gates the undesired low-order harmonics from the inverter out-
put current within the bandwidth of the inverter current-control
loop. In a weak grid, however, the grid impedance decreases



the bandwidth of the current-control loop. The bandwidth may
be increased simply by re-adjusting the controller gains but
this typically magnifies the LCL-resonance peak through the
grid-side filter and the grid impedance. The resonance peak
may cause high-frequency stability issues especially in weak
grids, and sets practical limits for the controller gains. In this
work, an adaptive Notch filter is added into the current-control
loop for enabling to use higher controller gains. The filter
parameters are automatically adjusted to damp the resonance
peak the frequency of which depends on the grid impedance.
To optimize the performance of the current-control loop under
varying grid conditions, an adaptive process is applied to re-
adjusts the controller gains to continuously match the present
grid impedance. The adaptive method bases on the online
measurements of the current-control loop, and is able to keep
the control bandwidth constant in varying grid conditions.
Therefore, a decrease in the control bandwidth is avoided,
and the inverter ability to mitigate low-order harmonics is im-
proved. The power hardware-in-the-loop experiments clearly
show the improved control performance of the current-control
loop when the proposed adaptive optimization methods are
applied.

VII. APPENDIX

TABLE I: Parameters for inverter and grid in simulations and experiments.

Parameter Symbol  Value
Grid frequency 1 60 Hz
Nominal power P, 2.7 kW
Nominal grid voltage V. 120 Vv
Switching frequency S 8 kHz
DC voltage reference v 414V
Current references iy 10.6 A
i 0A
DC capacitance Cy. 1.5 mF
Filter inductance L, 2.2 mH
Inverter-side resistance Ry, 100 m$2
Filter capacitance C 10 uF
Damping resistance R. 1.8 Q
Current-controller (Offline)  Kr.cc 0.0144
K, 22.500
DC-voltage control Ko 0.0962
Kiyve 1.2092
PLL control Komn 0.39
Ky 9.77
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Abstract—As the amount of renewable energy increases
rapidly, power systems will face novel challenges to maintain
power quality. Power quality issues, which usually arise from
the grid connection through power-electronic devices, can be
reduced by proper control strategies. Grid-connected devices are
conventionally optimized into a single operating point, but real
performance is affected by the interfaced grid conditions. As
the grid conditions change over time, the control performance
varies, as does the quality of the power produced. To tackle this
issue, the adaptive grid-voltage feedforward is introduced to the
control system. The adaptive method, applying a perturb-and-
observe algorithm, improves the produced power quality in real
time by taking the control system characteristics and the grid
conditions into account. The results show the improved power
quality in various grid conditions when comparing the adaptive
grid-voltage feedforward and the conventional implementations.

I. INTRODUCTION

Electrical energy production is moving, at an accelerated
pace, towards climate-friendly distributed generation [1]. Con-
ventional production will be replaced by renewable and dis-
tributed generation, which is connected to the grid through
fast-switching power electronic converters. Responsibility for
the system stability and power quality will move from big
synchronous machines to power electronics in renewable-
energy dominant grids. During this rapid change, power qual-
ity may decrease as the power electronics have been shown to
introduce new challenges for power quality and stability issues
[2], [3].

Power-electronic devices produce power through semicon-
ductor switches that introduce distortions to the grid that
conventional rotating generators did not [4]. The inverters’
power quality can be improved by proper control strategies
[5]-[7]. An additional control strategy for improving power
quality is a proportional feedforward from measured grid
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voltages [8]. This strategy effectively increases the inverter
output impedance and compensates the effect of the grid-
voltage harmonics to the output current. [9] This simple
implementation is effective at improving power quality when
an inverter is operating under distorted grid voltages.

The mandatory dead time of the semiconductor switches
distorts the output voltages, which creates a response to
other waveforms [10]-[12]. High gain of the grid-voltage
feedforward has been shown to magnify harmonics arising
from the dead-time effect [13], which is relatively hard to
model accurately [14]. Thus, the grid voltage feedforward has
a dualistic impact on the power quality; high feedforward gain
mitigates the power quality issues arising from distorted grid
voltage, but at the same time magnifies harmonics caused by
the internal dead-time effect of the inverter [9]. This paper
shows that the feedforward gain that minimizes the output
current harmonics depends on the time-varying grid conditions
and can be found adaptively.

While the literature has reported on adaptive control of
the grid-voltage feedforward [8], [15], it has only done so
from an impedance-based stability perspective. In the present
paper, the grid-voltage feedforward gains are adaptively ad-
justed to minimize the total harmonic distortion (THD) of
the inverter output current. The implementation includes the
use of a perturb-and-observe (P&O) algorithm, which perturbs
the feedforward gain and observes response from the output
current THD. The P&O algorithm is most commonly the
maximum-power-point tracking (MPPT) algorithm in the DC
side of PV-systems [16]-[18], but it is applied here for the
first time in the AC side. The simulation results show that the
adaptive grid-voltage feedforward is an effective and simple
method for improving the power quality over conventional
implementations, especially in varying grid conditions.
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Fig. 1: Dg-domain control of grid-connected inverter.

The remainder of this paper is organized as follows. Section
II provides some background to the grid-connected converter
control strategy and the impact of its dead time. Section III
introduces the use of the P&O algorithm in the converter AC
side to adaptively adjust the feedforward gain to minimize the
THD of the output current. Section IV shows the simulation
results of the applied adaptive feedforward, which is capable
of adjusting gains so that the output current THD is also
minimized in rapidly changing grid conditions. Section V
concludes.

II. THEORY

A. Control of Grid-Connected Inverter

Three-phase AC systems can be analyzed in the
synchronous-reference frame (dq domain) where the AC wave-
forms are transferred to two DC-valued signals by applying
Park’s transformation. The signals are referred to as direct
(d) and quadrature (q), and the transformation also introduces
crosscouplings between the two channels. The DC-valued
signals allow linearization around the steady-state operating
point, and thus the derivation of small-signal model with which
the controllers can be designed [19].

Fig. 1 shows a three-phase grid-connected inverter with a
cascaded control system, where d and q channels have sepa-
rate control schemes. Inverter open-loop small-signal transfer
functions can be represented as [20]

Voo _ [Zwe Tuw Gu] |¥° a
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The control is synchronized to grid voltages using a phase-
locked loop (PLL) that provides synchronization angle (#) for
the dq-domain control. The outer control loop is a DC-voltage
control, which provides the reference for d channel of the
inner AC-current control loop, while its q channel regulates
reactive current to zero for unity power factor. The grid-voltage
feedforward is an additional control scheme that is used to
improve the power quality.

The harmonics in the grid voltages circulate to inverter
output currents through the inverter output admittance Y,,,

[ —
i Current }
H
iControlleri
H

Fig. 2: Output dynamics of the grid-connected inverter.

thereby decreasing the power quality. The grid-voltage feed-
forward is used to mitigate the effect of low-order harmonics
by adding the sensed grid voltages (V. and V) through an
appropriate feedforward gain (K;) to the duty ratios (d). Fig.
2 shows the output dynamics of the inverter, from which the
inverter output current can be derived as

i = Gioioe — (Yoo — G Ki)¥, + God, )

The applied open-loop transfer functions are introduced in
(1) and K, is a feedforward gain matrix. To fully compen-
sate the Y,,V,., the feedforward gain should be adjusted as
K, = G_Y,.. The equation may yield high-order transfer
functions for K, which depends on the applied grid-side
filter. However, high-order transfer functions as feedforward
gains are sensitive for disturbances due to derivative terms.
Fortunately, the equation is satisfied relatively accurate for L-
filtered inverter (current feedback from inductor current, as
shown in Fig. 1) by only the static gains (1/Vpe) in direct
channels. Thus, the commonly applied transfer matrix for the
grid-voltage feedforward is given as [9]

(Ve 0
K= [0

In the ideal case, these gains remove the impact of the grid
voltages from the produced output current, thus improving
the power quality and decreasing the total harmonic distortion
(THD) under distorted grid voltages.

(3)

B. Dead-Time

Three-phase inverters typically include six semiconductor
switches, positive- and negative-leg switches for every phase.
If both switches of the same phase are in the conductive mode,
the DC link is short-circuited. The fact that real switches
cannot change their state instantaneously must be taken into
account to avoid short-circuiting the DC capacitor. Therefore,
the dead time must be added into control system, which can
be implemented by delaying the switch’s turn-on signals by
a certain amount of time to guarantee that the other switch
always has time to change the mode to a non-conductive
state. The dead time is usually a few percent of the inverter’s
switching cycle [13].

Apart from being important for avoiding short circuits, the
dead time introduces momentary loss of controllability and
reduces power quality [10]. Anti-parallel diodes are added to
switching components to provide route for power flow during
dead time. The conduction of the diodes causes distortion
to the output voltages - mainly the Sth, 7th, 11th and 13th



harmonics - and their response to the output currents [11],
[12]. The phenomena are relatively hard to model accurately
because of non-linear characteristics and the complex depen-
dency of many parameters [14].

It has been shown in [13] that the grid-voltage feedforward
increases the harmonics caused by the dead-time effect when
grid impedance is present. Because of the non-linear effect
of the dead-time, it was not included in the linearized small-
signal model of the inverter, from which the ideal gains for
the feedforward were derived. Thus, the feedforward gain that
minimizes the produced THD can be significantly lower than
1/Vie as higher gains magnify the dead-time effect.

III. METHODS
A. Perturb and Observe

The P&O algorithm is widely used in PV systems’ maxi-
mum power-point tracking (MPPT) for optimizing the energy
yield. The popularity of the algorithm is based on its simple
implementation, where the PV-array voltage is perturbed and
the output power is observed. If the output power increases,
the next step is taken in the same direction; if the power is
decreased, the next step is taken in the opposite direction. [17]

The P&O algorithm effectively finds the maximum or
minimum value, at least the local one, of the observed variable
in function of the perturbed one. However, a drawback of
the algorithm is that it continues perturbations even when
the maximum (minimum) value has been found. Thus, the
algorithm makes the perturbed variable oscillate around the
desired value. The oscillation amplitude is equal to the applied
perturbation-step size (A,,). [16] A lower step size indicates
slow tracking in changing conditions, whereas higher steps
increase oscillations. The step size should be high enough
to perturb the system so that the increase or decrease in the
observed value can be detected. Another critical value of the
P&O algorithm is the time interval between the perturbations
(T,.), which should be longer than the system settling time,
caused by the perturbation, to avoid misleading observations
[18]. However, longer time intervals make the P&O algorithm
slower in terms of finding the desired values after a change
in operation conditions or during start-up. In changing con-
ditions, a large step size with short time intervals between
the perturbations is most desirable for fast performance. In
steady conditions, an overly large step size and overly frequent
perturbations increase oscillations around the desired values.

B. Adaptive Grid-voltage Feedforward to Minimize THD

The grid-voltage feedforward gains have a dualistic impact
on the produced THD: higher gains mitigate the impact of
the grid voltage harmonics and magnify the effect of the
dead time. [9] Thus, highly distorted grid voltages endorse the
use of high feedforward gains, while the ideal grid voltages
endorse the gains near zero. A single inverter usually does
not have information about the time-variant grid conditions.
Additionally, the non-linear effect of the switches’ dead time
is not included in inverter models to accurately predict its
impact on the produced THD, at least not yet. The ideal

feedforward gain from the dead-time perspective equals to
zero while it equals 1/V; to remove the impact of the grid-
voltage harmonics. Thus, the feedforward gain that minimizes
the produced THD depends on the operating conditions lies
between zero and 1/Vj., and can be adaptively found by
applying the P&O algorithm.

Due to time-varying and unpredictable operating conditions
of the grid-connected inverter, the P&O algorithm is applied to
adaptively adjust the grid-voltage feedforward gains to mini-
mize the output current THD. Fig. 3 shows a block diagram of
the adaptive-control scheme and the applied P&O algorithm
in it. The grid-voltage feedforward gains are perturbed and
the THD of the phase-domain output currents is observed.
The direction of the next perturbation step in the feedforward
gains is based on the observed THD. If the THD decreases
because of the last taken step in feedforward gains, the next
step is taken in the same direction. If the THD is increased,
the direction of the perturbation steps is changed.

The feedforward gains are adaptively adjusted for d and
q channels symmetrically. The perturbation size for adaptive
feedforward gain is chosen as A, = 0.05/V,c, the impact of
which can be seen from the output current THD, but does not
produce overly high oscillations when the THD-minimizing
feedforward gains are found. Based on the approximated set-
tling time of the system, the interval between perturbations is
chosen as 7}, = 0.2 s, which determines the triggers executing
the P&O algorithm. To avoid misleading disturbances, the
THD is averaged over 0.15 s. It is observed after 0.2 s from the
last perturbation and the direction of the next step is chosen.

IV. EXPERIMENTS

The introduced approach for the grid-voltage feedforward
is tested with a switching model of the three-phase grid-
connected inverter in MATLAB/Simulink and compared to the
conventional feedforward implementations. In all simulations,
constant 2.7 kW DC power is fed to the (60 Hz/120 V) grid
through the inverter and LC filter (Ci= 10 pF, L, = 2.2 mH).
The inverter dead time is included in the model by delaying the
turn-on signals of the switches where the switching frequency
equals 8 kHz. The grid impedance is passive (R, = 0.4 (2,
L, = 0.9 mH) and the grid-voltage disturbances are realized
by introducing harmonics to grid-voltage reference, generated
by an ideal voltage source. The DC voltage that affects the
feedforward gains is kept at the maximum power point (414
V) in all simulations.

A. Dead-Time Effect

The required dead time of the semiconductor switches is
usually a few percent of the switching cycle. Longer (safer)
dead times distort the output voltages more, which increases
the output current THD, especially when high gains in the
grid-voltage feedforward are applied. Fig. 4 shows the output
current THD when the feedforward gain is scanned from
0 to 1.1/Vpe. Simulations in similar grid conditions (high
harmoncis in grid voltages) with five inverters, in which only
the dead time varies from 1 to 5 ps, equal 0.8-4 percent
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Fig. 4: Sweep of feedforward gain with different inverter dead times.

of the applied switching cycle. Two important conclusions
can be made from Fig. 4. First, the feedforward gains that
minimize the output current THD can be found and they
are not the conventionally adjusted 0 or 1/V,; secondly, the
THD increases with longer dead times when high feedforward
gains are applied. The THD-minimizing gain is approximately
0.7/Vie with 5 ps dead time and 0.85/Vi. with 1 ps. For
example, with 1 ps dead time, the 0.85/V,. feedforward gain
produces approximately 26 percent lower output current THD
than zero gain, and 3 percent lower than 1/V.

B. Grid Harmonics

As the grid-voltage feedforward has a dualistic impact on
the power quality, the interfaced grid conditions and the dead
time affect its performance. Fig. 5 shows the output current
THD in three different grid conditions when the feedforward
gains are varied from 0 to 1.1/Vj,. Similar tests are made with
two inverters applying 2 ps (red lines) and 5 ps (blue lines)
dead times, equaling 1.6 and 4 percent of the switching cycle,
respectively. The conditions are varied by changing the amount
of harmonics in the grid voltages: ideal 60 Hz sinusoid (thin
lines), low harmonic content (thick lines), and high harmonic
content (dashed lines). Table I shows the THD-minimizing
gains for every six cases. Under ideal 60 Hz grid voltages,
the feedforward magnifies harmonics arising from the dead-
time effect, and thus the THD-minimizing gain equals to zero.
Under distorted grid voltages, the THD-minimizing gain is
located between 0 and 1/V;, which depends on both dead
time and the amount of harmonics in grid voltages.

TABLE I: THD-minimizing gains

Grid harmonics
Ideal Low High
Dead 2 pus | 0.00 0.70/Voc  0.85/Vice
time 5 pus | 000  0.50/Vpe  0.70/Vie

5 us, Ideal Grid
5us, Low Harmonics
= = = 5us, High Harmonics
2 us, Ideal Grid

2 us, Low Harmonics.
= = = 2us, High Harmonics

0 01 02 03 04 05 06 07 08 09 10

Feedforward Gain (Sweep from 0 to 1.1)

Fig. 5: Scan of feedforward gains with different dead times and grids.

Fig. 5 shows that longer dead time supports the use of lower
feedforward gains, while increased grid-voltage harmonics
endorse higher gains. The THD-minimizing gain under highly
distorted grid voltages and 2 ps dead time is 0.85/Vj,, with
which the output current THD is decreased by approximately
23 percent compared to zero gain and 4 percent compared to
1/Vie. In this case, the THD-minimizing gain is high because
of the relatively short dead time and highly distorted grid
voltages. Under low grid harmonics and 5 s dead time, the
THD-minimizing gain (0.50/V}) is lower and the THD can
be decreased 1 percent compared to zero gain and 2 percent
compared to 1/Vjy.

C. Perturb and Observe during Start-up

The P&O algorithm adaptively adjusts the feedforward
gains to minimize the output current THD. The implemen-
tation has a plug-and-play feature during start-ups as the
algorithm independently finds the gains that minimize the
output current THD in interfaced grid conditions. Fig. 6 shows
the THD of the output current and the feedforward gain
during the inverter start up in two different grid conditions,
with low (left) and high (right) harmonic content in the grid
voltages. The inverter dead time is 5 s in both cases. After an
experimentally approximated settling time of the start-up (0.5
s), the P&O algorithm is enabled at 0.6 s. The feedforward
gain increases by A, = 0.05/Vic in T,,, = 0.2 s intervals
until the THD-minimizing gain is achieved. Those gains are
0.5/Vie and 0.7/Vpe for grids with low and high harmonics,
respectively. The THD is decreased by 3 percent when the
inverter is interfacing to low-harmonic grid voltages, and 14
percent when there are high harmonics.

The drawback of the P&O algorithm is that the gains start
oscillating around the THD-minimizing gain by A,.. The
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Fig. 6: Perturb and observe performance during start-ups in different grids.

feedforward gain remains at the THD-minimizing gain half
of the oscillation cycle (4 7,.,), while the gain is improperly
adjusted by A, during the other half of the cycle. However,
the effect to the THD is negligible compared to the benefits
of the adaptive grid-voltage feedforward compared to the
conventional implementation with zero or 1/V}, gains.

D. THD Minimization during Transient Cases

The grid conditions may significantly vary over time, es-
pecially the distortions in voltages when local production and
loading profiles change [5], [6]. Fig. 7 shows the performance
comparison between the conventional (constant zero and 1/ V.
gains) and the adaptive feedforward implementations under
varying grid conditions. First, the inverter with 5 pus dead
time is started up under ideal 60 Hz grid voltages, at 2 s and
10 s the harmonics in grid voltages are suddenly increased.
Before 2 s, the adaptively adjusted feedforward gain oscillates
around zero. It may be obvious that the THD is similar with
the conventional zero gain. The THD is 5 percent higher with
1/Vie. After the first increase in grid-voltage harmonics, both
constant gains 1/V, and zero gain produces approximately
same amount of THD. It takes 2.4 s for the P&O to find
the THD-minimizing gain (0.6/Vpe) under slightly distorted
grid voltages; with that gain, the produced THD is 8 percent
lower compared to constant zero and 1/Vj. gains. After
the second transient in grid conditions, it takes 1.6 s for
adaptive implementation to find the new THD-minimizing
gain (0.9/V;c). The THD-minimizing gain produces 21 percent
lower THD than constant zero gain, and over 7 percent lower
than 1/V; gain. Thus, it can be concluded that the presented
adaptive implementation also improves the performance of the
grid-voltages feedforward in changing grid conditions.

Figs. 8 and 9 take a closer look at the effect of the
feedforward gains by showing a magnitude of the output
current harmonics under low and high grid harmonics, which
are measured between 7 - 9 s and 12 - 14 s, respectively,
in the same simulation as analyzed in Fig. 7. The amount
of harmonics are shown in Table II; the highest amounts are
emboldened to highlight the clear effect of the feedforward
gain. Higher feedforward gains effectively mitigate the low-
order harmonics that arise from the grid voltages, especially 3
rd and 5 th. For example, during high grid harmonics (Fig. 9),
the 3 rd harmonic can be mitigated over by 70 percent by using

0.16
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0.14F |~ ~ Constant (0.0)
Constant (1.0)
[a]
T
o121 o
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Feedforward Gain

0
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Fig. 7: Performance comparison during grid transients.
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Fig. 8: Output current harmonics under slightly distorted grid.

1/Vie gain, and over 60 percent with adaptive (= 0.9/Vj)
gain when compared to the constant zero gain. However, high
feedforward gain magnifies higher-order harmonics arising
from the inverter dead-time effect. For example during low
grid harmonics (Fig. 8), the 11 th harmonic increases by over
350 percent with 1/Vj, gain and by almost 150 percent with
adaptive gain (=~ 0.6/V,c) when compared to the constant
zero gain. It should be noted that absolute values of the high-
order harmonics remains significantly smaller than low-order
harmonics. Thus, the percentage increment in the high-order
harmonics has less impact in the output current THD than
low-order harmonics.

The harmonics in grid voltages circulate to the inverter
output currents. High feedforward gains effectively mitigate
the impact of the grid-voltage harmonics by decreasing low-
order harmonics in the output currents; at the same time, they
magnify the dead-time effect, which appears as increased high-



®

I Constant (0.0)
Constant (

~

>

| Adaptive (= 0.9)

2

w

Magnitude (% of Fundamental)
r ~

o

3 5 7 9 " 13 15
Harmonic Order
Fig. 9: Output current harmonics under highly distorted grid.
TABLE II: Amount of harmonics

Grid harmonics
Low High

0 1 ~ 060 [ 0 1 ~ 0.90
3rd | 2,688 1.280 0.773 4942 1416 1.808
Sth | 5747 4218 4.742 7.176  5.798 6.507
7th | 2757 3.223 3.032 2791 1.901 1.560
9th | 0.622 1.560 0.662 1.345 2121 1.588
11th | 0.089 0.421 0.218 0424 1.341 1.277
13th | 0.582 0.973 0.719 0.561  0.567 0.492
15th | 0223  0.244 0.165 0.179  0.147 0.076

order harmonics. For every realistic case, there appears to be
an optimal feedforward gain between zero and 1/Vj., which
balances the dualistic impact of the grid-voltage feedforward
by minimizing the output current THD. The value of the opti-
mal gain is based on the amount of the grid-voltage harmonics
and can be found adaptively, without prior knowledge about
the grid conditions, by using the proposed P&O algorithm.

V. CONCLUSIONS

This paper has presented an adaptive grid-voltage feedfor-
ward for grid-connected inverters. In the method, the feedfor-
ward gains are adaptively adjusted so that the output current
THD is minimized, thus improving the power quality. The
grid-voltage feedforward is shown to have dualistic impact
on the produced power quality; it mitigates disturbances from
grid voltages, but also magnifies the harmonics arising from
the inverter dead-time effect. Hence, the optimal gain in
perspective of minimizing the output current THD depends on
the interfaced grid conditions, which may vary over time. This
makes the feedforward gains attractive choice for including
adaptive operations. The presented adaptive-control method
includes the use of the P&O algorithm for the first time in
AC sides. The presented method perturbs the feedforward
gains and observes the impact on the produced power quality
(current THD). This novel approach includes a plug-and-
play feature during start-up and fast adaptivity to changes in
grid conditions. Through simulations, the adaptive grid-voltage
feedforward is shown to improve the system performance
and the produced power quality in various grid conditions
compared to conventional implementations.
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