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Proportional Resonance Control of Three-Phase Grid-Connected Inverter

Abstract

The development of using grid-connected three-phase inverter has augmented the standing of
realizing muted distortion along with high-quality current waveform. The standard three-phase
grid-connected inverter is the full-bridge voltage source inverter. This inverter is usually
controlled by proportional integral (P1) controller in order to ensure sinusoidal current injection
to the grid. Although the PI controller is well established and easy to use under normal grid
conditions, it leads to system instability under abnormal grid conditions. When abnormal grid
conditions are likely to occur, the control system with PI controller can be configured to include
two separate Pl controllers for the positive and negative sequence components of the grid
current. However, this increases control complexity and total harmonic distortion (THD).

More recently, the proportional resonant (PR) controller started to replace PI controller in a
different application including grid-connected current control. In this thesis, a comprehensive
theoretical and experimental comparison between the Pl and PR controllers is presented. The
comparison shows that the PR controller offers lower total harmonic distortion (THD) in the
current signal spectrum and is simpler to implement as it uses only the positive sequence
component of the grid current and consequently only one PR controller is needed. For these

reasons, the PR controller is adopted in this thesis.

Despite the PR controller offering enhanced functioning under abnormal grid conditions
compared to PI controller, a sudden change in the grid voltage could additionally raise the error
between the reference signal and the controlled signal which results in causing significant
divergence from its ostensible value. In this case, the performance of the conventional PR
controller will not keep up with the increase in the error which weakens controller performance.
To overcome this problem, a new design concept for controlling the current of the three-phase
grid connected inverter during normal and abnormal conditions is presented in this thesis. The
proposed technique replaces the static control parameters by adaptive control parameters based
on a look-up table. This adaptive PR, controller has been investigated and demonstrated with
different normal and abnormal grid conditions. The proposed control technique is capable of
providing low THD in the injected current even during the occurrence of abnormal grid
conditions compared with Pl and PR controllers. It also achieves lower overshoot and settling

time as well as smaller steady-state error.
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Additionally, despite the fact that both Pl and PR controllers are relatively straightforward to
tune, and are sometimes capable of dealing with many time-varying grid conditions. This
research also presented an adaptive controller tuned using advanced optimization techniques
based on particle swarm optimisation (PSO). PSO is presented to optimize the control
parameters of both Pl and PR controllers for the three-phase grid-connected inverter. There are
many advantages of using PSO, such as no additional hardware being required. Thus, it can be
extended to other applications and control methods. In addition, the proposed method is a self-
tuning method and can thus be suitable for industrial applications where manual tuning is not
recommended for time and cost reasons. Simulation and experimental test were carried out to
investigate the performance of the proposed techniques. In the simulation, the system was tested
under 100 kW model using Matlab/Simulink environment. In addition, the system was also
investigated through a practical implementation of the control system using a Digital Signal
Processor (DSP) and grid-connected three-phase inverter. This practical system was
demonstrated a 300 W scaled-down prototype. As a result, the comparisons between
experimental and simulation results show the behaviour and performance of the control to be

accurately evaluated.
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Acronyms
Acronyms Full Names
AlO Artificial intelligent optimization
ANN Artificial neural networks
BJT The bipolar junction transistor
BPSC Balance positive sequence control
DD-SRF-PLL Decoupled double synchronous reference frame phase
locked loop
DG Distribution generator
DSC Delayed signal cancellation
DSP Digital signal processor
FFT Fast Fourier Transform
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Acronyms Full Names

Pl Proportional integral controller
PLL Phase locked loop

PNSC Positive and negative sequence control
PR Proportional Resonance

PSO Particle Swarm Optimization

PSS Positive sequence signal

PWM Pulse width modulation

SOGI Second order generalized integrator
SPWM Sinusoidal pulse width modulation
SRE Synchronous reference frame
STATCOM Static synchronous compensators
SVM Space vector pulse width modulation
THD Total harmonic distortion

Ts Sampling time (sec)

UPFC Unity power factor control

UPQC Unified power quality conditioner
VvOC Voltage oriental control

VSI Voltage Source Inverter
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Symbol

Symbol Full Names
I Current in phase a
Iy Current in phase b
I Current in phase ¢
Iy Current in reference frame direct current (d)
Iq Current in reference frame quadratic current (q)
Iy Current in the stationary reference frame (a alpha transform)
Ig Current in the stationary reference frame (B beta transform)
Kk; Integral gain of the controller
kp Proportional gain of the controller
V, Voltage in phase a
Vy Voltage in phase b
Ve Voltage in phase ¢
D Diode
f Frequency
L1 Inverter side inductance
Lo Grid side inductance
P Active power

VIl
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p.u Per unit
Q Reactive power
t Time
0 Phase angle
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1.1 Background and Motivation

The aggressive use of non—renewable resources has caused major issues such as the production
of more pollution and greenhouse gas emissions leading to environmental concerns [1].
Furthermore, the upsurge seen in global energy demand from fossil fuel suppliers has resulted
in higher oil prices [2]. These issues have encouraged organizations to use renewable sources
instead of non-renewable energy sources. In the last few years, distributed power generation
(DGs) based on renewable energy has continued to develop across the world due to its benefits

for the global environment.

Photovoltaic (PV) energy is a renewable energy that can be identified as a rapidly growing
element of renewable energy existing in the market, and according to renewable energy policy
network for the 21% century (REN21) to be the biggest supplier of renewable energy [3].
Statistics from the European Photovoltaic Industry Association (EPIA) have shown that in 2014
there was 40 GW installed globally. In Europe, there was 75% increase in installed PV system
reaching a capacity of 21.9 GW. U.K leading the way and has installed PV capacity 5.4 GW in
2014 from 0.96 GW in 2010 as shown in Figure 1.1[4]. Overall, global PV capacity had
increased to 177 GW by end of 2014 [5].

Installed PV capacity in the U.K (MW)
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Figure 1.1 PV capacity installed in the U. K
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Saudi Arabia is one of the developing countries that is leading producers of PV systems in the
Middle East. Figure 1.2 shows the 2 MW grid—connected PV system at the King Abdullah
University for Science and Technology (KAUST) [6], and this system can reduce annual carbon

emissions in the region by 1700 tons.

Figure 1.2. Photovoltaic PV system at KAUST, Saudi Arabia [7]

The price of PV panels is one of the main issues which discourages consumers from adopting
these systems. Therefore, improvements in PV technology are ongoing and, in the days to
come, its cost will drop substantially, something identified as attributable to the solar cells
effectiveness and the size of the cells. Consequently, per unit capacity has been improved [8].
Hence, the cost of PV panel production continues to decrease, and solar power generation will

become comparable to other forms of renewable energy [9].

Distributed generators can generate electricity at or near the customer place where it is used as
different to the normal mode of power generation. The utilization of power electronic
technology in power system applications has been steadily increasing during recent decades.
The continuous improvement of semiconductor device technology and the availability of digital
control systems with endlessly increasing performance have reinforced this development.
Power electronic converter technology has also been an important enabling factor for recent
developments in distributed generation and renewable energy systems, including photovoltaic
systems due to several advantages and factors. A smaller size and lighter weight are important

factors which have led manufacturers to produce smaller power electronic converter products

for businesses customers. In addition, this high conversion efficiency and the capability to
7
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control the power from a source to the utility load play an important role in the growth of power
electronic systems. As a result, such systems can be found in many applications of different
kinds for energy conversion, uninterruptible power supply (UPS), transportation, switch mode
power supply, utility systems, aerospace, telecommunications, factory automation, process

control and many other fields.

In recent years, voltage source converters (VSCs) have been increasingly developed supported
by this widespread with many benefits in industrial application. VSCs can be used in adjustable
speed electric drive systems [10] and UPS applications [11, 12]. VSCs, which are operating as
active rectifiers, has recently been seen as increasingly pertinent options to replace diode
rectifiers or line-commutated converters. This is owing to the pulse width modulated (PWM)
operation, that enables imperfect current distortion and concentrated harmonic filter necessities
composed to allow control of the power factor and DC-link voltage [13, 14]. Moreover, VSCs
are further used for distributed energy resources like photovoltaic and fuel cell systems, all of
which innately deliver a direct current (DC) output and are contingent on power from sunlight
and store it via solar cells using either batteries or any other generation electronic converters
for incorporation within the AC grid [15, 16]. Solar panels can extract electrical energy to feed
distribution farms or utility grids. Typically, PV panels are interfaced with utility grid via a
power electronic converter. Pulse width modulation (PWM) techniques are used to control the
three-phase power converter. In order to connect the PV module to the utility grid, a three-phase

inverter is used.

Nowadays, the three-phase inverters are small in the size and the weigh as well as high
efficiency and reliability. Figure 1.3 shows a basic single line of three-phase grid-connected PV

inverter.

PV Array VS| Filter
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Figure 1.3 Basic single line diagram of three-phase grid-connected PV inverter
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On the other hand, in connecting the converters to the utility grid there are international
recommendations that must be observed. These recommendations could vary from country to

country, and some of the criteria follow [17, 18]:

> DC current level injected.

> Total harmonic distortion (THD).
> The grounding of the system.

> Voltage, current, and frequency.

> Automatic reconnection and synchronization.

1.2 Three-phase Grid-connected Inverter

Generally, a three-phase grid-connected inverter is used to interface the PV panels which
generates DC voltage into appropriate AC voltage for the utility grid. The three-phase inverter
aims to meet three targets: The first target is to confirm that the PV panels operate at the
maximum power point (MPP). The second is to inject the demand sinusoidal current to the
utility grid. The third target is the control of the inverter so as to be able to deal with normal
operation and detect any abnormal conditions that occur in the grid. In fact, different processing
stages are used to connect the PV system to the utility grid. The first method as shown in
Figure 1.4 (a) is a single stage or centralized topology where PV panels are connected in series
or parallel to achieve certain voltage and current level due to the low input voltage provided
from the PV system. In this topology, the inverter holds all tasks such as maximum power point
tracking (MPPT) and the desired value of the voltage. A dual-stage topology is shown in
Figure 1.4(b). It can be seen from the Figure 1.4(b) that the model is separated into two stages:
The first stage is a DC-DC converter and the second is a DC-AC inverter. A DC-DC converter
can be used in this application to boost the voltage to the higher desirable values with MPPT to
work at the highest efficiency. Due to its simplicity, the most widely used MPPT technique is
Perturb and Observe method (P&O) [19]. The inverter in the second stage converts the DC
values to three-phase AC and controls the current to the utility grid. Due to the advantages of
connecting a number of PV panels in series. The single-stage type is preferred in most industries

as it is more efficient and economical in case of homogeneous irradiance conditions [20], [21].
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Figure 1.4 Processing stages for single line diagram of the three-phase PV grid connected

inverter: (a) single-stage case (b) multi-stage case

Three-phase grid-connected inverter is a very flexible topology that can be designed and
implemented for a wide range of applications and voltage levels, spanning the power range
from a few hundred watts (W) to hundreds of (MWs). The most common voltage source inverter
is a two-level voltage source inverter (VSI) as shown in Figure 1.5. The main difference
between the conventional two-level topology and the varieties of multi-level converters
involves the pulse width modulation (PWM) technique used to control the operation of the
individual switches. Therefore, the main principles of operation, as well as the general structure
and functionality of the control systems are usually the same for most of the applications in
grid-connected VSCs. The multi-level voltage source inverter (VSI) has many topologies such
as neutral point clamped (NPC), flying capacitors (FC) and cascaded full bridge [22]. Among
these, the NPC inverter is the most commonly used for high voltage purposes in industrial
applications [23]. A modular cascaded H-bridge has been used recently in grid-connected
application [24]. By increasing the number of levels of the topology, the output voltage and
current will be increased and the total harmonic distortion will be reduced. However, the power
losses are one of the challenges due to the large numbers of power switches for low voltage
multilevel inverters compared with the two-level VSI [25]. The complexity of the control
technique and the separate DC sources are other issues in the multilevel inverter [26]. On the
other hand, the multi-level VSI is suitable for high power applications with high voltage and
high current while the two-level VSI is suitable for low and medium voltage applications. This
thesis considers the use of the two-level VSI which consists of 6 semiconductors transistor

switches. In industry, there are many different switching transistors such as insulated-gate
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bipolar transistors (IGBTs) which can be used in medium power applications. The other
semiconductor switch type is the metal-oxide-semiconductor-field-effect transistor (MOSFET)
which can be used in small and medium power applications. In the three-phase inverter, the
output of each leg is shifted by 120° degrees, and the most commonly used modulation
techniques are sinusoidal pulse width modulation (S-PWM), hysteresis band PWM, third
harmonic PWM and space vector modulation (SVM) strategies [26].

' + <Sl-|'i§ 834@854 Ji Filter
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Figure 1.5 Two-level three phase inverter (VSI)

The three-phase grid-connected PV inverter is connected to the grid filter to reduce the

harmonics injected into the utility grid.

1.3 Grid Filter Types

Filter design is an essential part of the grid-connected inverter, due to a wide range of harmonics
and noise of the switching frequency for the three-phase generated current. The noise and high-
frequency harmonics can be attenuated by passive filters. Different types of passive filters have
been reported such as L-filter, LC-filter, LCL-filter and LCCL-filter. In designing a low pass
filter the cost, weight, power losses and volume should be taken into account. Figure 1.6 shows
filter configuration schemes. Traditionally, the L-filter is the first filter to be used due to its ease
of control. However, the L-filter cannot be employed with low switching frequency. Therefore,
high inductance and/or high switching frequency is required. The LC-filter is a second order
filter which offers better attenuation of 40 dB/dec. The capacitor C is selected to satisfy the

harmonic requirements.
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Figure 1.6 Filter configuration schemes: (a) L-filter; (b) LC-filter; (c) LCL-filter; (d) LCL-

filter with damping resistor

On the other hand, the LCL filter has several advantages compared with the L-filter and the
LC-filter, such as the low THD of the three-phase current output, low cut-off frequency, power
density and the reduced cost of components, and also it provides a 60 dB/dec attenuation
[27],[28]. The resonance needs to be removed from the switching frequency and should not

affect the dynamic response of the current control [29].

In spite of these advantages of the LCL filter, it has a resonance peak at the resonance frequency
from the inverter or from the grid. To overcome this, many researchers have proposed passive
and active damping. One of these methods is to damp this resonance by adding a resistor within
a series with the capacitor, dampening the high frequency in the filter [30],[31]. However,
power losses will be a major issue in passive damping [32]. Active damping has also been
investigated to eliminate the resonance without increasing the losses [33],[34]. However, this
method has to take any change in the grid impedance into account and increased the sensors of

the system. This increases the cost and complexity of the technique[32].

1.4 Grid Synchronization Method

Grid synchronization is a very important task in grid-connected applications, stable and
accurate current control of the system to the grid being the goal. [35]. Grid synchronization is
accountable for phase angle, amplitude, and frequency of the grid voltage. Various grid
synchronization methods have been proposed in the literature such as zero crossing method
(ZCM), phase locked loop (PLL) and virtual flux (VF).

12
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1.4.1 Zero Crossing Method (ZCM)

The zero-crossing detection (ZCD) technique is the plainest synchronization technique used to
obtain the frequency and the phase angle. Figure 1.7 shows the zero-crossing detection scheme.
The zero-crossing method is based on counting the grid voltage zero crossing from the
estimation of the fundamental frequency. As a result, the grid phase angle is obtained. Zero
crossing only can be sensed every half cycle within the fundamental voltage frequency [36-38].
However, it shows poor performances and slows dynamic response when the grid voltage is
unstable due to notches or harmonics occurring in the grid [39]. In addition, fast dynamic
performance is impossible using this method due to the lag of the phase angle tracking.
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Figure 1.7 Zero crossing detection method
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1.4.2 Phase Locked Loop (PLL)

The phase-locked loop (PLL) is one that is commonly used, a widely used grid synchronization
method. This is connected to its associated high performance along with effortlessness
implementation and ability to synchronize an output signal in addition to the input reference
signal, amid respect for phase angle and occurrence [40]. The phase-locked loop was first used
in an implementation of synchronization in radio signals by Appleton in 1923 and by Bellescize
1932 [40]. Later on, the PLL became widespread for use in a variety of industrial applications.
The basic PLL contains three main parts: a phase detector, loop filter, and voltage controlled

oscillator as shown in Figure 1.8.
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Figure 1.8 Basic PLL scheme

In the case of the three-phase grid-connected inverter, the three-phase synchronous reference
frame phase locked loop (SRF-PLL), also called the dgo-PLL, is commonly used for
synchronization [41]. Figure 1.9 shows the three-phase locked loop scheme in of frame. Here,
PI controller is used in order to lessen the error amongst the reference and the measured grid
voltage. The PLL has the ability to provide information at the point of common coupling (PCC)
like grid voltage amplitude, grid frequency, and the phase angle. Additional work was proposed
by using adaptive PLL that consist of three control unit includes the phase, frequency, and the
voltage controllers [42].
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Figure 1.9 The three-phase PLL scheme in SRF

Another synchronization method is based on virtual flux estimation, and the first
implementation in grid-connected inverter was accomplished in 1991 by Weinhold [43]. The
basic idea is based on replacing the voltage angle of the PLL by the angle of virtual flux.
Figure 1.10 shows the basic virtual flux scheme. It is based on the assumption that the grid is
induced by a virtual grid flux. To make it simple, the three-phase synchronous reference frame
uses two low-pass filters in order to remove the offset in the voltage of the virtual flux. The
virtual flux mostly used in direct power control to improve the operation of active and reactive
power control [44]. However, due to some limitation under unbalance grid conditions, the
virtual flux method cannot outperform the phase locked loop in vector control method [29].
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Figure 1.10 Basic virtual flux scheme

1.5 Thesis Objectives

The major aim of the present research is to investigate the performance and characteristics of
the three-phase grid-connected inverter under normal and abnormal grid conditions with a view
to improving its performance and stability. The main objectives of the study can be summarized

as follows:

o To investigate the operational characteristics and control methods used for three-phase
grid-connected PV inverters during normal and abnormal supply conditions. This
research addresses these issues in such a way that is valid for an increasing variety of
applications.

o To investigate different current control techniques for the three-phase grid-connected
inverter and to determine their limitations in order to improve the control method. In
addition, to study the suitability of the digital phase locked loop (PLL) for grid
synchronization with positive and negative voltage components.

o To investigate and demonstrate a proposed technique based on adaptive proportional
resonance (PR) controller based on a look-up table to reduce the error between sine
reference syntheses and therefore to reduce the distortion of the waveform.

o Todesign a suitable controller to deal with the abnormal conditions investigated as well
as the behaviour of an unbalanced system and to verify the results experimentally.

o To optimize the control method using an advanced intelligent optimization method

based on particle swarm optimization (PSO).
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1.6 Contributions of the Thesis

This research presented in this thesis the performance of the three-phase grid-connected
inverter and takes into account the principles design, analysis and comparison of the current
control based on the PR controller in the stationary reference frame and PI controller in
synchronous reference frame for injected the current under abnormal conditions under any
circumstance such as grid fault, where the grid current varies from normal operating case.
Thus, the current control techniques based on the most suitable strategies that could achieve
better results during normal and abnormal conditions in the thesis are: positive and negative

sequence control (PNSC) and balance positive sequence control (BPSC).

Under abnormal grid conditions, the controlled signal instigating an unexpected decline in
voltage could promote a rise in the error between the reference signal, and the controlled
signal. This can be identified as creating large-scale aberration from its nominal value. The
implementation of the established PR controller cannot match the rise in error, in turn, this
lessens controller performance weakening. To get beyond this concern, this shows an
enhancement in present-day control using a novel adaptive PR controller. A novel method
for adaptive PR controller for abnormal conditions in the grid using a look-up table. The
adaptive PR control techniques have been used in the stationary reference frame to control
the current. The proposed control technique is qualified to provide low total harmonic
distortion (THD) in the inserted current even during the incidence of abnormal grid

conditions. The adaptive control has the ability to reduce the error.

Despite the fact that both Pl and PR controllers are relatively straightforward to tune, and
are sometimes capable of dealing with many time-varying conditions, most disturbances
associated with grid-connected inverter technology, such as (grid voltage dip or changes in
network impedance) are significantly more challenging and depends on the designer to
obtain the best performance. This research also presented a novel concept of self-tuning of
the current controller using particle swarm optimization (PSO). An adaptive controller
tuned using PSO is presented to optimize the parameters of both Pl and PR controllers for
the three-phase grid-connected inverter. There are many advantages of using PSO, such as
no additional hardware being required. Thus, it can be extended to other applications and
control methods. In addition, the proposed method is a self-tuning method and can thus be

suitable for industrial applications where manual tuning is not recommended for time and
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cost reasons. Both the PI current control in the synchronous reference frame and the PR

current control in the stationary reference frame are considered in this study.

1.7

Publication
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Thesis Outline:

The content of this thesis is described below:

Chapter 1: This chapter gives an introduction to the thesis, provides the background of
the grid-connected inverter, describes some of the more important points in research on
power electronics and emphasises the motivation and importance of the present research
work. This chapter also discusses the grid synchronization methods. In addition, the
present study’s aim and objectives, followed by thesis contributions and the publications

resulting from this research are presented.
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e Chapter 2: A literature review of various types of control methods for grid-connected
inverters is provided in this chapter describing the background and various types of
control and how their use affects the environment. Also, the challenges faced in the
development of these systems are highlighted here.

e Chapter 3: This chapter considers the modelling and design of the three-phase grid-
connected inverter and grid synchronization in three-phase inverters under abnormal
conditions.

e Chapter 4: Highlights the steps in the control approaches used for grid-connected
inverters in the synchronous rotating reference frame and stationary reference frame

e Chapter 5: Simulations and practical results of the PI controller and PR controller are
presented. In addition, it presents experimental hardware equipment with an overview
of the hardware

e Chapter 6: Simulation and practical results of adaptive PR controller are presented in
balance and unbalanced grid conditions. The controller has been tested with different
grid faults such as line-to-line fault and two line-to-line faults.

e Chapter 7: This chapter present advanced optimization control method using Particle
Swarm Optimisation (PSO) to find the optimal control parameters of Pl and PR
controller. Simulation results of the PI controller and PR controller are presented under
abnormal grid conditions.

e Chapter 8: A summary of the research is provided in this chapter along with the

conclusions of the study. Possible future research work is then discusse.
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Chapter 2. Literature Review

2.1 Introduction

The rapid increase in the use of distributed power generation systems (DPGS) grounded on
renewable energy sources has boosted the implementation of voltage source converters (VSCs)
in distribution networks. As a result, the voltage source inverter (VSI) and its control system
have become main elements of distributed generation. There has been an intense research effort
in the development and analysis of various current control techniques for the three-phase
applications during the last couple of decades. In addition, different methods of grid
synchronization have been proposed and analysed. Many studies have aimed to improve and
develop the control technique used firstly for electrical machine drive systems such doubly fed
induction generator (DFIG) also known as wound rotor induction generator. These techniques
are also successfully applied in grid-connected inverters and bidirectional AC-DC flywheel
converters to interface between the DPGS and the power grid. Moreover, active-reactive
voltage source converters have also become an interesting alternative for diode rectifiers or line
commuted converters due to pulse width modulation (PWM) technique. This method has the
ability to control the power factor and DC-link voltage which ensures a reduction in harmonics
of the system [46, 47].

The performance of a three-phase grid-connected inverter depends mainly on the quality of
current control to the load or the grid. This factor plays an important role in power electronics
in meeting the requirements of standards such as IEEE 519 and 1547 which require a maximum
of 5% for the current total harmonic distortion (THD) [48, 49]. In order to comply with the
above requirements, the three-phase grid-connected inverter should have very good current
control which has a good harmonic rejection.

The thesis focuses on the current controls techniques which depend on the voltage oriental

control.

2.2 Methods of Three-phase Current Control

In three-phase grid-connected inverter, current control is a high-status issue, which needs to be

dealt with. The main function of current control is to ensure that the reference signal is followed
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by the measured signal. The concept of current control has been widely discussed in the
literature [50, 51]. A basic three-phase grid-connected inverter with current control is shown in

Figure 2.1.
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Figure 2.1 Basic single line diagram of the three-phase grid-connected inverter with current

control scheme

Many different current control techniques have been utilized in order to achieve the better
quality of the current waveform. In the three-phase system, current control can be implemented
in various ways such as the natural reference frame abc, the synchronous rotating reference

frame dq, and the stationary reference frame of.

2.2.1 Proportional Integral (P1) Current Controller in the Synchronous

Reference Frame

For the control of the output current, a Pl controller would be currently the most popular scheme
used. In the three phase-system, the three-phase reference frame abc coordinates are
transformed into dq synchronous coordinates in a rotating reference frame with angular
frequency using Park’s transformation [52].

A PI controller is a combination of the proportional and integral terms and it can be defined by

the subsequent transfer function [53]:
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k;

Gpi(s) = hep +— (2.1)

where k,, is the proportional gain, k; is the integral gain of the PI controller.

The two current components in the rotating synchronous reference frame dq coordinates appear
as DC components. The d coordinate represents the direct component while g coordinate
represents the quadrature component. The PI current controller has a number of plus points, a
principal one being that it is relatively straightforward to use within the control system. This
makes it more preferable for engineering, and therefore control and filtering can be obtained.
However, the PI controller has the following drawbacks such as:

» In a single-phase inverter, the PI controller has a steady state error in the stationary
reference frame which cannot be eliminated. This error is between the sinusoidal
reference signal and the output measured signal [54, 55].

» Pl controller has poor performance due to cross-coupling between d and g coordinators.
As a consequence, the functioning of the PI controller can be enriched by presenting a
decoupling term between the d and ¢ coordinators and the voltage feedforward [30, 38,
56]

» The PI controller is poor at eliminating the low order harmonics, and this can cause
problems when used in grid-connected applications [39].

» The PI current controller requires more transformation from three to two phases, which
therefore requires more space in a low-cost fixed-point DSP [30].

» To overcome these issues, many improvements have been implemented in PI
controllers. As a result, the feedforward control method is able to reduce the grid current
harmonics caused by grid voltage distortion without changing the dynamic response
[39].

2.2.2 Proportional Resonance (PR) Current Controller in Stationary

Reference Frame

Given the shortcomings of the PI controller, an alternative solution for a current controller has
been presented which is the proportional resonant controller (PR). The PR controller is a
combination of a proportional term and a resonant term. The PR controller has been used in the

stationary reference frame method [39], [57, 58]. Within the control system; grid current is
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conveyed to the stationary reference frame using Clark’s transformation from three-phase i, j, .
to i,z coordinators [59]. Hence, PR controller variables are sinusoidal. In addition, a PR
controller has several advantages which are as follows:

e It has the capability to eradicate steady-state error by offering extra gain at the
particular resonant frequency of the controlled signal [60].

e The PR controller has the capability to implement harmonic compensator (HC)
minus the introduction of any deviations in dynamic control; thus, this accomplishes
a high-quality current [61].

e The intricacy of current control can be seen to be lower in a statutory reference frame
in comparison to the synchronous reference frame dq because Park’s transformation
does not need to be used in the control system.

e Currents in a-p coordinates are not cross-coupled and so do not need to be decoupled
[62].

e PR control can be used as a notch filter to compensate the harmonic in the control
signal [56].

The transfer function of the PR controller is given by:

Gpr(s) = Kp + (2.2)

s
K—
"(s2 4 wp?)

Where, kp is the proportional gain, ki is the integral gain of the controller, w, is the resonance

frequency.

To sidestep the problem of obtaining infinite gain at the resonant frequency; a non-ideal PR
controller can instead be used by including a bandwidth of the controller system. Although this
type of control provides very low steady-state tracking error, any such error will affect the
current control.

2w.S

Gpr(s) = Kp + Ki (s2 + 2w 5+wy?)

(2.3)

where, kp is the proportional gain, ki is the integral gain of the controller, w, is the resonance
frequency, and w, is the cut off frequency.

In grid-connected uses, it is useful to apply Harmonic Compensator (HC) terminologies in
parallel with the PR controller to focus upon low order harmonics (5", 7"); these will be noted

as being problematic.
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The equation next is important for implementation of the HC:

2 Ki S
Guc(s) = z m (2.4)
7

2.2.3 The abc Reference Frame Current Control

The first current control technique proposed for pulse width modulation (PWM) was based on
the three-phase reference frame [50], [63]. The principle of the control task is to keep the three-
phase measured current aligned with the three-phase reference current based on the state of
inverter switches. Therefore, the control depends on the output of the three-phase current of the
inverter compared with the phase current reference. One of the most common control
techniques using this reference frame is the hysteresis controller (HC) method. Hence, the
results of the three-phase errors are used at the same time to feed the PWM through the upper
and lower hysteresis bands in the loop. The advantages of this type of control are that it is easy
to implement in the three-phase system, and gives faster transit responses. However, the
aforementioned control has several drawbacks:
» High switching frequency and high ripples are produced by the hysteresis bandwidth
[64].
» There is interference between the phase currents which could lead to increased
distortion.
» This controller has no fixed switching frequency, and therefore it has bad harmonic
performance and this leads the system to be unstable.

» The abc reference frame parameters are independent of each other and therefore it is
necessary to generate the duty cycle for the PWM which will make the control technique
is more complex [65].

» The abc reference frame could be used in synchronous reference frame using a Pl
controller. However, due to the off-diagonal terms repressing the cross coupling
between the phases in the matrix which make the control technique is more
challengeable [39].

2.2.4 Other Control Strategy

Many recent methods have not used the vector orientated control approach. Direct power
control (DPC) is another control strategy based on active power and reactive power control [66,
67]. The advantages of this control technique are that it is a simple method and there is no need

for the internal control loop for the current or the voltage. However, high frequency is needed
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to obtain good performance. In addition, switching frequency is variable due to the use of
hysteresis comparators, which makes it difficult to design the grid filter [44].

On the other hand, other studies have used predictive control. This technique predicts the error
vector of the current waveform at the sampling modulation period [51, 68]. The concept of
predictive control has been used for direct power control by minimizing the error for active and
reactive power [69]. However, this method has issues in the grid filter which is affected by

unwanted frequencies due to the current spectrum distribution [70].

2.3 Power Quality

The three-phase grid-connected inverter is most commonly a factor in injection and absorption
of the power to the grid. An example of this would motor drives which concentrate absorbing
active power taken from the grid in order to reach the optimum performance of an electrical
motor. In normal grid conditions, the three-phase inverter injects all active power to the grid.
However, the widespread use of electronic-based loads and nonlinear loads has led to negative
effects on the power quality which is an important issue. Therefore, the term power quality can
be used to refer to any issues arising from an unusual situation in the system. The power quality
is commonly affected negatively when the system is subjected to abnormal conditions in the

voltage, current, and frequency when disturbances in the utility grid occur [71].

When operated in grid-connected applications, the three-phase grid-connected inverter can be
exposed to the disturbances, transients, and interruptions that propagate through the electric
power system. Thus, a large share of such disturbances and transients are likely to introduce
temporary unbalanced grid voltage conditions [72, 73]. Moreover, due to a low quality of DGs,
there are many causes for unbalanced voltage produced by a nonlinear load. Single phase
generators, unbalanced loads and the negative impact of induction motors [74],[75]. Therefore,
voltage disturbance in the grid has a negative effect on the grid and can cause a major trip and
high cost in general [76]. These abnormal conditions can be caused in the utility grid by short
circuit faults like a line to ground fault, voltage sags, voltage swell and injected harmonics.
These faults can be produced by abnormal situations in the grid such as direct on-line starting
of large motors, transformer energizing and capacitor bank charging. During this abnormality,
one or more of phase voltage is reduced or increased beyond than the nominal level at the point

of common coupling (PCC).
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2.3.1 Voltage Sags

One of the major types of abnormal conditions in the system is voltage sag (also called a voltage
dip). The voltage sag occurs as any disturbance of the voltage in the network caused by an
abnormality in the grid. In accordance with ‘IEEE standards 1159/95°, A voltage sag is defined
as a reduction in one or more phases of the voltage waveform at the point of common coupling
(PCC) [77]. The percentage of the voltage decreases to a value ranging from 10% to 90% of
the nominal value for an interval of between 0.5 cycles to 1 minute [78]. The voltage sag can
be classified into two categories, namely balanced voltage sags and unbalanced voltage sags.
In the balanced voltage sag, all the three-phase voltage are reduced in the magnitude at the same
time. In the unbalanced voltage sag, the voltage magnitude in one or two-phase is reduced,
making the voltages unbalanced for the duration of the sag [79]. The unbalanced voltage sags
can be caused by single phase to ground faults, two-phase to phase to ground fault and
unbalanced three-phase to ground faults. As a consequence, the current is increased in order to
maintain the injected power as it was under normal conditions. Thus, the current waveform can
be found to have double the normal value. This effect leads to disturbance in the network or
even damage to the system, or the operating time of the inverter itself, one of the requirements
is limiting the current to a safe level to avoid tripping or possible damage to the system [79].

If the system should show voltage sag, a voltage scheme to support the raising of the voltage in
all phases as quickly as possible is employed. As a result, if one or two phases in the system
are affected, this problem can be overcome by applying a voltage equalizing strategy. VVoltage
equalization technique succeeds when the difference between voltages is reduced in (r.m.s).
Furthermore, the positive sequence voltage remains the same while the negative sequence
voltage is reduced. This is very important to control the three-phase grid-connected inverter so
that it can function properly. In addition, in practice, unbalanced voltage sags have the most
significant impact in terms of amplified current harmonics, showing a ripple within output

power, thus leading to the reductions in power quality.

2.3.2 Voltage Swell

A voltage swell is an increase in one or more phases of the voltage waveform in (r.m.s) for a
duration ranging from 0.5 cycles to 1 minute according to the IEEE 1159/95 standard [77].
However, voltage swells are not as familiar as voltage sags and are a less frequent type of

abnormal grid conditions. Voltage swells can be caused many conditions such as a single line
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to ground faults or when switching in large capacitor banks, or when large loads are switched
off [80].

2.4 Methods of Decomposition of Positive and Negative

Sequence Components

In the studies described above for power quality, the three-phase grid-connected inverter was
tested under normal grid conditions. Notwithstanding how the control introduces good
performance during normal operation, some important issues regarding the operation of the
three-phase inverter during unbalanced grid conditions have been pointed out. Abnormal grid
conditions can be divided into two main sections. The first section demonstrates balanced fault
when the drop or rise of all three-phase voltage representing the same amplitude. The second
section demonstrates unbalanced fault where the voltage amplitudes are unequal or any changes
of phase shift between the phases due to voltage in one or more phase dropping or rising
suddenly. Under abnormal grid conditions such as voltage sags or voltage swells, the current

injected into the grid loses its sinusoidal and balanced presence.

When unbalanced conditions occur, negative sequence components should appear in the grid
as well as the positive sequence, which is creating a more challenging control system. As a
result, the power inverter needs to change the amplitude or the phase angle of the injected
current in order to ride through the fault during unbalanced voltage conditions. In this case, the
negative sequence component is used to overcome the effect of the fault in the injected current.
Hence, a method of the decomposing the voltage and current into its positive and negative

seqguence components is necessary.

A positive voltage sequence is defined as consisting of the balanced three-phase voltage which
is equivalent in magnitude and phase, transferred by 120 degrees rotation at the system
frequency with a phase sequence of normally a, b, c. However, the adverse (negative ) sequence
set is also well-adjusted with three equal magnitude quantities at 120 degrees phase shift
separately with the phase rotation of counter-clockwise or reversed phase sequence a, ¢, b [29].

Figure 2.2 shows the positive and the negative sequence components.
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b)

Figure 2.2 a) Positive sequence components, b) Negative sequence components

The detection of the positive and negative voltage sequences is vital for the control of the system
in abnormal grid conditions. Many control techniques have been tested in the literature such as
control of positive and negative sequence active power [71],[79], positive and negative
sequence reactive power,[81],[82] positive and negative active and reactive power [83]. Such
techniques are used in order to minimize DC bus voltage oscillations, total harmonic distortion,
peak current, and voltage. These techniques can be applied in applications such as interfaced
voltage source converters using active-reactive methods to improve the power system.
However, the implementation of these approaches allows the injection of unbalanced currents
into the grid network. Series active filters inject negative sequence voltage and parallel filters
compensate power factor of nonlinear load [84, 85]. An alternative method uses a shunt active
filter to inject negative sequence current [86, 87]. A unified power quality conditioner (UPQC)
that is a modification of the conventional series-parallel structure has also been presented in
[88]. Static synchronous compensators (STATCOM) have also been proposed which adapt
positive and negative reactive power have been presented. However, there are some limitations
of injected reactive power practically due to economic cost [89],[90],[91].

Several techniques have been used to compensate for the abnormal operation of the grid. The
method of the decomposition of symmetrical components is used in order to simplify the
analysis of unbalanced three-phase grid-connected inverters in both normal and abnormal
conditions. Under unbalanced operation conditions, the dynamic behaviour of the grid
synchronization method based on the conventional synchronous reference frame PLL becomes
very poor and the technique does not perform well. As a result, there will be oscillations at
double the fundamental frequency. Therefore, this approach is then not able to deal with this

distortion. Therefore, the oscillations and the distortion in the system will increase. In order to
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avoid issues regarding the lack of balance, a few advanced PLLs are applied. In the literature,
there are different advanced grid synchronization approaches based on the most common
decomposition categories such as synchronous reference frame and stationary reference frame
[92], [93], [94].

To deal with these abnormal conditions, an appropriate technique is needed with a specific
strategy that requires the designer to calculate the current that should be injected into the grid
by the grid-connected inverter. However, the implementation of the above approaches allows
the introduction of unbalanced currents within the network. Consequently, specific current
control structures that are able to properly regulate the positive-sequence and negative-sequence

components, are necessary in order to obtain satisfactory results.

2.4.1 Decouple Double Synchronous Reference Frame PLL

Synchronous reference frame (SRF) techniques based on the phase locked loop (PLL) is usually
used in normal grid condition [95],[96]. In this type of method, the three-phase voltage is
converted from the abc reference frame to the synchronous reference frame dq. Nevertheless,
this method cannot be used when unbalanced condition occurs in the system or when there is a
disturbance in the network due to oscillatory errors arising from the negative sequence voltage,
so, the identifiable dynamic behavior will be seen to become progressively worse. In order to
alleviate this concern, the double synchronous reference frame phase locked loop (DSRF-PLL)
has been used [13],[97].

The DSRF-PLL is depended on two synchronous reference frames one for the positive sequence
components and another for the negative voltage sequence components. This method can obtain
the amplitude and the phase angle & under unbalanced grid conditions into two dg components.
However, this technique gives rise to the oscillation at double the fundamental frequency that
is injected by positive and negative sequence current to the grid. In order to cancel out the
oscillation term, the decoupled double synchronous reference frame phase locked loop (DD-
SRF-PLL) is used [98].

Figure 2.3 shows the decoupled double synchronous reference frame PLL. In this technique, a
cross-decoupling term is added to the double synchronous reference frame. While the DD-SRF
technique shows good performance, the implementation of it is quite complex and the dynamic

response is slow [99]. Overall, this method produces an extra delay in the PLL [100]. Other
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methods of a three-phase system based on a voltage zero-crossing detector have been proposed
[101]. However, the dynamic response is sensitive to any change in the phase angle due to any

fault occurring in the impedance of the grid, which is a serious issue [102].
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Figure 2.3 The decoupled double synchronous reference frame PLL

2.4.2 Delayed Signal Cancellation

In recent years, the method of delayed signal cancellation (DSC) has been exploited to divide
the positive and negative sequence components from the grid voltage in the stationary reference
frame [93], [94]. Figure 2.4 shows the delayed signal cancellation scheme. In this method, the
abc reference frame is converted to the of stationary reference frame using Clarke’s

transformation and the negative sequence can be found by subtracting or adding the present

real-time signal with the delayed signal for T/, [103].

The DSC has several advantages, such as being easy to implement and the ability to eliminate
underside harmonics from the fundamental component [93],[94]. In addition, it can improve
the sequence detection in the transient operation of the system as well as being able to control
the time delay of the synchronous frame magnitudes. In this method, the oscillatory error can

be eliminated by combined the original o5 components with their quarter-cycled delayed T/4.

However, the system dynamic still impacts from this method due to the complexity of the
control and multiple digital signal processing, which affect the execution time of the algorithm
[104],[105].
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Figure 2.4 Delayed signal cancellation method

Additionally, it is possible to use a delay buffer in order to create a delayed signal for 7/,, as
the principle of deferral signal revocation can be enriched using a method with a low-pass filter
based on a second-order generalized integrator. This method has been applied by using two
filters to create a 90° phase shift delay at the fundamental frequency of the negative voltage
sequence [106],[107], [108]. In [106], A bandpass filter and low-pass filter have been proposed
in the stationary reference frame based on a second-order generalized integrator (SOGI).

Despite their successful implementation, however, the cascaded delay of the different filters
can be an issue. In [107], the compensation system was proposed by decomposing the voltage
into the positive and the negative sequence components and then applied the concept of
estimated the virtual flux separately. In this thesis, due to the better solution, the concept of
decomposing the positive sequence and negative sequence has been chosen from [107], then
two PLL are proposed, one for positive sequence and the other one for negative sequence

components.

2.5 Control of Three Phase Inverter under Abnormal

Conditions

Under unbalanced conditions, the most important things are that the current controller is capable
of providing a high-quality waveform within a shorter transient response. Once an unbalanced
condition occurs in the grid, the current controller must inject the desired positive and negative
sequence currents to the grid. During the past few years, several interesting methods have been
proposed to deal with abnormal conditions using various techniques. The most popular are
voltage oriental control (VOC) which is based on the synchronous reference frame and the
stationary reference frame. Other control schemes such as the direct power control method,

predictive control, and hysteresis current control have also been proposed.
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A vector control approach was proposed for the first time for a grid rectifier under abnormal
grid conditions to derive positive and negative current sequences in 1996 by Rioual et al.[109].
In this work, only a PI current controller was implemented in the synchronous reference frame
to control the positive sequence in case of abnormal grid conditions in order to track positive
and negative sequence components. Nevertheless, one of the main drawbacks of this type of
the control is that the negative sequence voltage during unbalance conditions cannot work
properly with this control due to the limitation of the bandwidth. Therefore, in 1999, a
combination of two sequence components with the DC link voltage controller in the dq
synchronous reference frame has been proposed [110]. The proposed method has a dual current
control scheme for the positive and negative sequence currents. The technique is able to reduce
the steady state error compared with single current control. However, this method is used when
operating the grid-connected inverter only in steady-state conditions and it cannot be applied

under unbalanced supply conditions due to limitations in the dynamics of the system.

In another subsequent method, one Pl controller was used with resonant (R) instead of dual
current controllers allowing a rectifier to generate a dc output under unbalanced grid conditions
at double frequency [111]. However, eliminating a steady state error at twice of the fundamental

frequency was one of the main critical issues.

In addition, vector control technique has been used in a distributed generation (DG) inverters
under abnormal grid operation conditions [112]. Optimum power quality characteristics were
achieved, under unbalanced grid voltages. This research focused on many important aspects,
such as DC voltage optimization and maximum power exchange, and also a combination of the

different methods called a hybrid strategy was described.

Control of the three-phase grid-connected inverter during unbalanced grid conditions using
direct power control based on instantaneous active and reactive power has also been proposed.
Other research proposed a new concept for selecting active power quality characteristics based
on a fast current controller and a rearrange reference current during unsymmetrical voltage
[113]. Similar research has proposed reactive power control based on symmetrical component
[114]. Another study finding a higher smoothing active and reactive power characteristics using

a method previously for selecting active power quality characteristics [115].
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On the other hand, vector control method during unbalanced gird condition needs double
reference synchronization frames for the positive and negative sequences transformation
modules for voltage and current. However, PI controller has some drawbacks such as:
> Four PI controllers should be implemented for the positive and negative sequences
based on the double synchronous reference frame which will increase the complexity
and computational load
> In the PI controller, grid synchronization can be achieved with two PLLs using one for
the positive sequence components of the voltage and another one of the negative voltage

sequence.

As an alternative method to Pl current control based on the double synchronous reference
frame, proportional-resonant controllers can extend the operation on stationary reference a-f
rotating frame to control the current injected by the grid-connected power converter under
abnormal grid conditions [116]. In this control scheme, the output currents are converted to the
stationary reference frames that results in two AC current signals to be controlled [112, 117].
This type of control is based on frequency adaptive filters. These filters give the same
performance for both positive and negative frequencies [62], [118]. In addition, the multiple d-
q rotations become unnecessary.

It can be said that there are many advantages of using PR controller including:

» We do not require additional controllers for the positive and negative sequence currents.
Synchronization can be achieved with one PLL using the positive sequence component
of the voltage.

> Only one PR controller can regulate positive and negative sequences (+w and —m)

» Only the positive sequence angle needs to be synchronized.

Based on current control approaches, the current injected into the grid by the three-phase
inverter should follow different strategies in unbalance grid conditions at the point of common
coupling (PCC). In the literature, different control approaches are used to meet the requirement
of control under abnormal conditions and to enhance the system’s response [79]. The first
approach is instantaneous unity power factor control (IUPFC). This method of control is
essential to be used if the injected current vector is required to follow the voltage vector. A
second approach is average unity power factor control (AUPFC). In this strategy, the harmonics

can be reduced, resulting in a lower THD.
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A further method is instantaneous active reactive control (IARC). This method is more useful
in control active and reactive power based on p-q theory. In this type of method, both active
and reactive power is controlled instantaneously since the current vector is aligned with voltage
vector as well as any orthogonal components. However, the voltage vector has oscillations at

twice the fundamental grid frequency that increases the harmonics into the grid [29].

To overcome these drawbacks another strategy has been proposed, called the positive and
negative sequence control (PNSC). This strategy can deal with the current control under
unbalanced conditions. Here, both positive and negative sequence current control is applied in
the system. This method can be used in the synchronous reference frame using dual Pl
controllers. However, one of the issues can be that when the reactive power not considered, the

oscillation term of g will not appear.

In the balance positive sequence control (BPSC) method a balanced sinusoidal waveform is
injected by applying positive sequence control to the grid during unbalanced conditions. There
are many advantages of this strategy, such as improving the power quality of the system by
allowing the current waveform to be symmetrical during unbalanced conditions. In addition, it
is a simple method since only the positive sequence angle needs to be synchronized. This
method can be easily applied to stationary reference frame using PR controller while needs
double synchronous reference frame using dual PI controllers. This method is the only one can

obtain the balanced current among other strategies [29].

2.6 Advanced Intelligent Optimization Methods

Beside conventional control techniques, many intelligent advanced control methods have been
successfully applied. One of these control advanced methods is based on a self-commissioning
tuning process using advanced optimization algorithms which tune the parameters of the
controllers to manage different normal and abnormal conditions and the transitions among
them. P1 and PR controllers have been widely used for speed and position control in many
various applications.

Conventionally, the tuning of these controllers may be accomplished with the most method
using a trial-and-error principle. In addition, tuning can also be achieved using many
algorithmic methods, including Ziegler-Nichols, root locus, and pole placement techniques.
The controller parameters can be tuned in a similar way based on the root locus of the system
[119]. The Ziegler-Nichols method is the most well-known, but it might not provide good

tuning and tends to produce an overshoot. Moreover, it takes more time to achieve control and
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reduces the stability of the system. Not only that, but the operator is required to be very familiar
with the characteristics and parameters of the system. In addition, such techniques can take

significant time to achieve an optimum solution [120].

For this reason and to enhance the robustness and increase the performance of the traditional
parameter-tuning techniques, artificial intelligent optimization (AlO) methods are used, such
as artificial neural networks (ANN), fuzzy logic (FL), genetic algorithms (GA) and particle
swarm optimization (PSO). Such approaches can be necessary to regulate the parameters of the
controller and improve the performance [121, 122]. AlO has been used in many applications
such as the drive application, machine design, and fault detection. PSO is one of the most widely
used methods in advanced optimization control due to an effective and powerful technique for

solving a problem.

Compared to GA and ANN, PSO can operate much more easily and faster to optimize, making
it well suited for real-time control applications which experience time-varying disturbances.
Moreover, it is a stable optimization method that is relatively easy to implement, because there
are few parameters to adjust and it does not impose a significant computational burden to the
microcontroller [123, 124]. Unlike GA, PSO has no complicated evolution operatives such as

crossover and mutation [125].

PSO algorithm is a stochastic search technique that uses a population or swarm of individual
elements which are called particles. Each particle shows independent achievement solution to
a problem and adjusts its own flying experience in the boundary space. In order to determine
the optimal solution of an objective function, each particle has two main variables which
represent a group of parameters to identify the current position )?i(t) and current velocity I7l-(t).
The best previous position is shown the best minimum fitness value of any particle in the
neighbourhood which is recorded and represented as new X =xq,%,, X3, ..., x; and this is called
Personal Best P,.¢:. The index of the best particle among all particles in the population group
called Global Best G, and to be encountered by the i*" particle is a point in domain space
(S).
PSO can be designed based on three main stages:
I.  Assessing the fitness value of each particle.
Il.  Updating local and global best fitness and positions.
1. Every particle can update its own velocity and position.

34



Chapter 2: Literature Review

Several studies have used PSO in different areas. In 1995, PSO was proposed by James
Kennedy and Russell C. Eberhart as a stochastic algorithm based on deterministic points of
natural selection [126]. They proposed an algorithm which is based on intelligent methods that
simulate the social behaviour of the domains posed in animals and plants, such as bird flocking
and swarm theory [126]. They observed that every particle is a part of the neighbourhood
particles that indicate the best particle. However, the performance still in it is early stages and
needs more improvement. Shi and Eberhart added a new parameter called inertia in order to
improve the performance of particle swarm optimization [127]. Another study investigated in
detail the PSO algorithm [128], and It was proven that each particle of the PSO represents a
potential solution to a problem and adjusts its own “flying experience” in a defined boundary
space. Later, several applications have used PSO, such as to optimize the geometry of an
antenna [129],[130]. Recently, this technique has been successfully applied in power
electronics applications [131], [132], including the maximum MPPT of photovoltaic systems
[133], micro-grid voltage source inverters [134] and the PI controller grid-connected inverter
with LC filter [132].

The PSO algorithm is employed for self-tuning parameters where an optimum solution is
determined by using the integral time absolute error (ITAE) as a cost function. The most
commonly utilized cost functions are integral-based such as the ITAE, the integral of squared
error (ISE) and integral of time multiplied by squared error (ITSE) [135], [136]. In the current
research, the ITAE is used:

[0e]

ITEA=J tle(t)|dt (2.8)
0

Where e(t) is the difference between the reference and actual values. The cost function is
minimised using the current control method such as Pl and PR controllers throughout the

optimisation process. A block diagram of the optimization process is shown in Figure 2.5.
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Figure 2.5 General structure of the PSO optimization algorithm

On the other hand, the principle of the advanced optimization method has been used to
determine and find the optimal parameters of the grid filter. The undesired values of the chosen
by the traditional calculation of LCL filter could cause instability of the system. Therefore, PSO
can enhance the dynamic performance of the LCL filter by determining the optimal values of
the filter parameters. The optimal value of the capacitor C of the filter will improve the stability

and the dynamic response of the filter.

2.7 Chapter Summary

This chapter has presented in the main review of the three-phase grid-connected inverter,
common current control techniques, a comparison of these techniques. Moreover, a power
quality issues in the grid-connected applications in abnormal conditions such as voltage sags
and swell have been discussed, followed by methods of decompensation have been presented
in order to deal with unbalanced grid conditions as well as proposed current control technique.
In addition, advanced optimization techniques to obtain the optimal values of the control

parameters along are also demonstrated.
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Chapter 3. Working Principle of a Three-phase

Grid-connected Inverter

3.1 Introduction

This chapter presents the working principle of a three-phase grid-connected inverter. Generally,
a three-phase grid-connected inverter is used to interface photovoltaic (PV) panels,
transforming DC voltage into the appropriate AC voltage for the utility grid. There are two
main means of connecting PV panels to the utility grid. The first method is a single-stage or
centralized type, whereby the PV panels are connected in series or parallel to achieve certain
voltage and current levels due to the low input voltage provided by the PV system. The output
of the inverter is then connected via a filter, as shown in Figure 3.1(a). This type of application
can be used for sizes over 50—100 kW. In contrast, using the second method, the double-stage
conversion system avoids the use of bulky low-frequency transformer components, which can
cause low efficiency, as shown in Figure 3.1(b). It can be seen from the figure that the model
comprises two stages. The first stage is a DC-DC converter, which can be used in this
application to boost the voltage to the higher desired values with maximum power point
tracking (MPPT) to work at the highest efficiency point and acceptable level of different kinds
of inverters. The second stage converts the DC value to the three-phase AC values via a three-

phase inverter.

The single-stage inverter method is usually preferred as it is more efficient economically in
cases of homogeneous irradiance conditions [20], [21]. The three-phase output current of the

inverter is connected to an LCL filter to reduce the harmonics injected into the utility grid.
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Figure 3.1 Single line diagrams of three-phase grid-connected inverter: (a) single stage, (b)

double stage

3.2 PV Module

A PV cell is a source and the core of the power conversion system. The PV cell is employed to
convert light energy into electrical energy. Either several cells are connected in series to
produce more voltage or several cells are connected in parallel to increase the current. The
simple theory of the PV cell came from the simple P-N junction semiconductor. The ideal PV
cell circuit model contains an ideal current source in parallel with an ideal diode. Thus, the
diode determines the equivalent circuit 1-V characteristics of the solar cell as shown in

Figure 3.2, where L,, is the PV current source, which is based on the solar irradiance and

ambient temperature, and I; is the shunt current through the diode.

MW

Ry
+

TAVZINSELN .

Figure 3.2 Equivalent circuit 1-V characteristics of the solar module
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According to Kirchhoff’s current law, the output current is given by [137]:

%4
sh

where I,,, is the photon current and I; is the diode current and D is the parallel diode. Ry, is the
shunt resistance and Ry is the series resistance. The current-voltage relationship of the PV cell

is given by the I-V equation:

1=l — I {exp (£2) - 1} - I, (3.2)

where I, is the reverse saturation current of the diode. I, is the shunt current, g is the electron
charge g = 1.6 * 1072 C, A is the current fitting factor, K is Boltzmann’s constant A =
1.381 x 10723 J /Kand T is the junction temperature (K). R, is normally very small resistance
while Rg;, is very. To simplify, the equation (3.2) R, can be neglected and the equation will
be:

I=L,— 1, {exp (%) - 1} (3.3)

where I,,, is the photon current and I, is the reverse saturation current of the diode.

In normal operating conditions, the standard test condition for irradiance is 1000 W /m?and
for the temperature is T = 25°C. Figure 3.3 and Figure 3.4 show the (I-V) and (P-V)
characteristics of the PV panels respectively. It can be seen from the figures that the current is
directly proportional to the solar irradiance. The characteristics of the PV panels between (1-V)
and (P-V) are non-linear. Therefore, an MPPT algorithm is essential. Due to its simplicity, the
MPPT technique most widely used is the perturb and observe (P&O) method [19]. The output
voltage is the reference DC, either to the DC-AC inverter in the single-stage method or to the

DC-DC inverter in the dual-stage method.
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Figure 3.4 P-V characteristic plot of the PV module

3.3 Working Principle of the Three-Phase Inverter

The most important part of the connection between the source PV system and the utility grid is
the inverter. The three-phase inverter is classified as a power electronic-based scheme. The
main idea of the three-phase inverter is to convert the DC voltage to a three-phase balanced AC
voltage. Figure 3.5 shows the three-phase inverter scheme. This consists of six switches
(transistors) and six freewheeling diodes (S1, S2, S3, S4, S5, and S6). In industry, there are
many different switching transistors, such as the insulated-gate bipolar transistor (IGBT), the
metal-oxide-semiconductor-field-effect-transistor (MOSFET) and the bipolar junction
transistor (BJT). Each kind of switch has its own characteristics based on operating power level,
switching frequency requirements, and acceptable power losses. In the three-phase inverter,
every leg has two switches complementary to each other which cannot be switched ON or OFF
at the same time [26].
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Figure 3.5 The three-phase inverter

The three-phase inverter is operated in switch mode, in which it is necessary to switch ON and
OFF at very accurate desired times. This can be accomplished by varying the duty cycles for
ON/OFF employing pulse width modulation (PWM) switching techniques [138].

3.4 Pulse Width Modulation (PWM)

The three-phase inverter employs PWM to produce sinusoidal output voltage waveforms. There
are different types of PWM switching technique, such as sinusoidal PWM, space vector
modulation (SVM), hysteresis band PWM and third harmonic elimination PWM. Of these, the
most common are carrier-based sinusoidal PWM and SVM, in which the carrier frequency is
fixed. In contrast, in hysteresis band PWM, the switching frequency is variable with output

waveform [139].

3.4.1 Sinusoidal Pulse Width Modulation (SPWM)

Sinusoidal PWM or carrier base modulation is one of the simplest PWM switching techniques
and can easily be implemented both in analogue and digital model form [138]. The idea of this
scheme is that the triangular carrier waveform is compared with a three-phase output reference
signal as separate signals and thus gate pulse signals are generated, as shown in Figure 3.6. The
operating principle of PWM s that it is limited by the modulation index (mi) [26]. The
modulation index can be defined as the ratio of the amplitude of the reference signal to the
carrier signal as in (3.4):
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(3.4)

3
Il
SRS

where V. is the reference amplitude and V. is the carrier amplitude.

V3

Note that the maximum modulation index is mi,,q, = 7Vdc. The modulation index will vary

when the modulation signal V. varies between 0 and 1 and the carrier signal remains constant.
Over-modulation occurs when the peak of the modulation signal is greater than the peak of the
carrier signal [140]. The three-phase sinusoidal waveforms (v,, vy, v.) are displaced in the time

domain by 120°:

Va (t) =mi Vac cos(wt) (35)
v, (t) = mi V. cos(wt + Z?E) (3.6)
(3.7)

] 2
v.(t) = mi V4. cos(wt — ?)

where v, (t), v, (t) and v.(t) are the fundamental signals of the three-phase symmetrical
sinusoidal signals and V. is the D.C voltage. Thus, the sum of the three balanced voltages

should be zero:

Ve (t) +vp(t) +v.(6) =0 (3.8)
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Figure 3.6 Sine-triangle modulation for the three-phase waveform with three switched

waveform legs: a, band ¢

However, one of the shortcomings of SPWM, total harmonic distortion (THD) is higher than

space vector modulation (SVM).

3.4.2 Space Vector Modulation

Space vector modulation is a technique that has become popular in control systems and is
widely applied in three-phase grid-connected inverters. SVM is considered the best PWM
technique due to features such as its ability to provide 15% higher output voltage compared
with sinusoidal PWM [141]. Other advantages are that the switching frequency is constant,
there is increased DC link voltage utilization, the output harmonic spectrum is well defined and
the switching patterns are ideal [142]. In addition, SVM has additional degrees of freedom in
the hexagon compared with SPWM [141]. It can be argued that SVM is a more sophisticated

modulation technique than others due to its many advantages, as shown in Table 3.1
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Table 3.1 Comparison of SVM and SPWM modulation techniques

SVM SPWM
Less total harmonic distortion High total harmonic distortion
DC supply voltage increased by 15% Unable to fully utilize DC supply voltage

Supports  advanced  vector  control | Does not support advanced vector control
implementation implementation

Facilitates free degrees of freedom | There are no degrees of freedom in
throughout the entire hexagon implementation

SVM can be designed as a single unit. This unit has eight switching levels and each switching
state describes the voltage space vector as a point in two-dimensional complex vector mapping
in the af plane. Figure 3.7 shows the vector’s hexagonal shape in SVM. The shape is divided
into six non-zero switching sectors from U;to Uy, where U, and U, lie at the original point of
the hexagon. The switching sector states of SVM use the combination of the switching states
to approximate the reference vector. The position of the reference vector Ug can be determined
by the angular position 8 in the hexagon and can lie anywhere, as shown in Figure 3.7. There

is angle phase displacement of 60° between the sectors with an equal magnitude of 2/3 V..

Figure 3.7 Space vector hexagon
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In this technique, the three-phase reference voltages U,, U,, and U, are converted to a complex
two-phase orthogonal a — S plane using Clark’s transformation, as shown in the following

equations:
Us = 2/3[U, + aUy + a?U,] (3.9)
J— . 2T
where Uy is the reference voltage vector and a = e’ G in exponential form and thus:

Us = |Us| exp jO = Uy + jUpg (3.10)

The exponential form can easily be changed to —(% +j ?) in rectangular form:

21 21
U,=2/3 [Ua+Ub cos?+UC cos —- (3.11)
21 2m
U[s’ = 2/3 [Ub sin?+UCsin?] (312)

Equations (3.11) and (3.12) can be written in matrix form:

U
— Wa _[2/3 -13 -1/3][a
Us = [UB] _l 0 143 -1 /\/§l Zlc’ (3.13)

The phase voltage values corresponding to different switching states are given in Table 3.2.

SVM can be classified depending on the voltage in each state.
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Table 3.2 The phase voltage levels for different switching states

In Figure 3.8 the reference voltage vector U has the components U, ¢ in the a domain and

Usp res in the B domain, which can adjust the state vectors U; and U,. The reference voltage

Figure 3.8 Reference voltage vector

vector Ug can be calculated as:

Ussin = U, sin 60°

Uz = | USlsin600 - V3

2

46

| Us| sin @

State Switch On Va ' Ve
uo 1,3,5 0 0 0
Ul 1,4,6 (2/3)WVac —(1/3)Vqc —(1/3)Vqc
U2 1,36 (1/3)Vac (1/3)Vac —(2/3)Vac
U3 2,3,6 —(1/3)Vy¢ (2/3)Vqc —(1/3)Vac
U4 2,3,5 —(2/3)Vac (1/3)Vac (1/3)Vac
Us 2,4,5 —(1/3)Vac —(1/3)Vqc (2/3)Vqyc
U6 1,4,5 (1/3)Vqc —(2/3)Vac (1/3)Vqc
u7 2,4,6 0 0 0
p
A U,
U,
Us re
/60 Uy
o

(3.14)

(3.15)
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U, = | Ug| cos @ — U, cos 60° (3.16)
U | Ug| cos 6 2|U|'0 60° (3.17)
= cosf — — sin 6 cos :
1 S \/§ S
.2 3
- = —si 0 3.18
U, |U5|\/§( > cos 8 —sin 6 cos 60°) (3.18)
— 2
U, =|Ug| ﬁ( sin60° cos 6 — sin 6 cos 60°) (3.19)
U 2 | Ug| sin(60° — 6) (3.20)
= — sin — :
1 \/§ S
U 2|U| in(6) (3.21)
= — sin :
2 \/§ S

3.4.3 Hysteresis Band PWM Modulation

Hysteresis modulation has been used in some applications for three-phase inverters because of
its ease of implementation and faster transient response than other methods [64]. The operating
principle of the control system depends on the output of the three-phase current of the inverter
compared with the reference phase current. Hence, the results of three-phase errors are used at
the same time to feed the PWM through hysteresis comparators. The output pulse is controlled
by a hysteresis current controller employing a switch status up and down counter. If the phase
current exceeds the upper band, the upper switch is turned ON and the lower switch is turned
OFF. On the other hand, if the phase current is below the lower limit, the lower switch will turn

ON and the upper switch will turn OFF.
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Figure 3.9 Hysteresis band PWM control

The hysteresis adaption mechanism for this scheme can be described as:

iy = in(t) + A (3.22)

i, = im(t) — Al (3.23)

where i, is the upper band, i, is the lower band and i,, is the reference current for the phases a,

b, and c. Av is the hysteresis band limit during the switching period.

However, there are several drawbacks to hysteresis current control. One of these drawbacks is
that the hysteresis bandwidth can cause losses between the phases and can produce high

switching frequency and high current ripple.

3.4.4 Third-harmonic injection PWM

Third-harmonic injection PWM has been used to improve the SPWM technique by adding a
third harmonic to the modulation signal. It follows the same SPWM implementation. The
difference between third-harmonic and sinusoidal PWM is that the reference of the third
harmonic not sinusoidal but includes third harmonic components as shown in Figure 3.10. The
third harmonic injection can be injected with a ratio of 25% of the fundamental. This will
increase the amplitude of the DC supply by 15% more than sinusoidal PWM [26]. The reference
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signal is composed of the fundamental and the third harmonic and can be obtained from the
following equation:

f(wt) = %sin(wt} + %sin(f&a)t) (3.24)
1 ! I ! I
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Figure 3.10 Third-harmonic injection waveform with carrier waveform

3.5 Passive Component Design

In grid-connected applications, a wide range of harmonics and noise have been found to affect
the switching frequency. For this reason, filter design is an essential part of eliminating the
noise and high-frequency harmonics. The traditional simple L-filter is a typical filter used to
connect three-phase inverters to the grid due to its ease of use. One of the features of the L-
filter is that resonant frequency can be avoided as the utility grid is mostly inductive. However,
the drawbacks of this filter are its very high cost and anexcessive voltage drop across the
inductor, hindering its use. In contrast, the use of other higher order filters, such as LCL filters,
has been shown to improve the power quality of the current injected into the grid and provide
better attenuation of harmonic currents, therefore leading to reduced filter sizes compared with
lower order L and LC filters [14].

In this thesis, the LCL filter was chosen. The differential equation representing the LCL filter

can be obtained from the per-phase equivalent circuit, as shown in Figure 3.11. The filter is
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defined by the inverter-side inductor L; and the filter capacitor C:. L2 is the grid-side inductor

and Ri and R are the resistive load.

i R L L, 2 R
— 1 1 2 —p 2
— I\N\I 7YY Y : Y Y Y\ 41\/W_+
b
+
Vi Ci= V¢ (\J Vo

Figure 3.11 Single-phase equivalent circuit LCL filter

The LCL filter can be designed and analysed in different configuration schemes. The simple

model represents LCL parameters including the ohmic losses in the passive components.

di _
I/C - ‘/0 = ELZ + Rzlz (324)
1.
Vo= = | i de (3.25)
Cr

The previous equations can be written in the state space model in the (S) domain using a wye-

connected model as follows: Note: assume initial conditions are all 0.

Vi(s) = Ve(s) = sIiL1(s) + RiL1(s) (3.26)
Ve(s) = Vo(s) = s LLy(s) + Rl (s) (3.27)
V.(s) = iI (s) 3.28
s (3.28)
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Therefore, transfer functions can be obtained from Equations (3.26), (3.27) and (3.28)
respectively:

I (s) _ 1
Vi(s) = Vo(s) Ry+sLy (3.29)
Ve(s) 1
I,(s)  sC (3.30)
L (s) _ 1 @

Ve(s) = Vo(s) Ry +sL,

Here, the series resistors R; and Rz are ignored due to their small size for the sake of simplicity.

The transfer function of the LCL filter is given by:

1
5L (E)

L(s) |sLy + ————= | = Vi(s) (3.32)
SLZ + <_>
SCf
LZ/Cf
I L =V 3.33
X0 [s L+ Sszcfﬂ/scfl (s) (339)
I, (s) _ 1 (3.34)
Vi(s) Ly/Cy 34
' SL1 + (sL + 1/sCf)
1/SCf
I =1 —_— 3.35
2= b6 (3.35)
I,(s) _ 1/sCs (3.36)
Ii(s) sL,+1/sCs '
Li(s)  I(s)
G(s) =7 Vi(s)  1(s)
S =
sL; + (SLLj/lc/;C ) (st +1/sCf)
f
1/L1L2Cf
G(s) =
5(52 + L1+L2) (3'38)
LiLyCy
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To make the transfer function of Equation (3.38) simpler, it can be written as:

I,(s) B 1

Vi(s) (s3CLyLy) + s(Li+Ly) (3.39)

Thus, I,(s) is the output current and V;(s) is the input voltage of the inverter in the s-domain.

The behaviour of the LCL filter can be obtained from the Bode plot response of the system.
Figure 3.12 illustrates the Bode plot of the un-damped filter. The gain margin is obtained at cut-
off frequency. The LCL filter can achieve high performance at high frequency with an

attenuation rate of -60 dB/dec.

Bode Diagram

150 TTTTTTTTTTT

Magnitude (dB)

Phase (deg)

%'l:l2 ‘]|:|3 1|:|; ‘1|:|E
Frequency (rad/s)

Figure 3.12 LCL filter Bode diagram

In spite of these advantages of the LCL filter, it has a resonance peak at the resonance frequency
from the inverter or from the grid as can be seen in Figure 3.12. To overcome this issue, passive
or active damping is used to enhance the impedance response. Commonly, a resistor is added
in series with the filter capacitor or in parallel with the grid-side inductor to dampen the high

frequency in the filter.

The equivalent circuit of the third order LCL filter with damping resistor which is connected in
series to the filter capacitor is shown Figure 3.13. However, it should be noted that the larger

the passive damping resistor the greater the inhibition, but also the greater the losses.
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Figure 3.13 Equivalent circuit of single-phase LCL filter with damping resistor

The new transfer function of the system after considering the damping factor will then become:

IO 10) (3.40)
) =75 e

sLy - (Rq+ 1/sCy) (3.41)
f(s) +sly + sL,+Rq+1/sCr Vi(s)

Li(s) 1 (3.42)

Vi(s) SLy(Rg+ 1/SCy)

' sLy + SLy+Rq+1/sCy
L(s)  (Rq+1/sC) (3.43)

L(s) SL,+Rq+1/sC;

8= sL, + Rq+ 1/sC; sLy + Rq+ 1/sC;

L(s) _ sCR; +1 (3.45)

Vi(s)  s(S2CLyL, + sCRy(Ly + Ly) + s(Ly+L,))

The behaviour of the passively damped LCL filter can be determined as in Figure 3.14 which
illustrates the Bode plot of the damped LCL filter. In this figure, the value of system frequency
o is limited by the phase lag of the LCL filter. The LCL filter can achieve high performance at
high frequency with an attenuation rate of -60 dB/dec.
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Bode Diagram
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Figure 3.14 LCL filter with damping resistor

In addition, the LCL filter can be converted to the discrete z-domain to test its stability and all

the system by using the root locus technique, which is discussed in Chapter 4.

3.6 Chapter Summary

This chapter introduces the working principle of a three-phase grid-connected inverter. The
most common three-phase grid connected-inverter is a two-level inverter (VSI). This inverter
consists of six switches with freewheeling diodes. The three-phase grid-connected inverter is
used to interface the PV panels which generates DC voltage into appropriate AC voltage for the
utility grid. In fact, there are two different stages. The single stage where PV panels are
connected in series or parallel to achieve certain voltage and current level. The dual-stage
topology where the model is separated into two steps, the first step is a DC-DC converter which
used in this application to boost the voltage to the higher desirable values and the second is a
DC-AC inverter to converts the DC value to the three-phase AC values. In additions, the
modelling of the pulse width modulation PWM was discussed. There are different types of
PWM switching technique, such as sinusoidal PWM, SVM, hysteresis band PWM and third
harmonic elimination PWM. Among them, SVM is found to be the most suitable method for
grid-connected inverters. In addition, the design of the passive components of the grid filter
was presented. Different filters were discussed and the LCL filters have been shown to improve
the power quality of the current injected into the grid and provide better attenuation of harmonic

currents, therefore leading to reduced filter sizes compared with lower order L and LC filters.
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Chapter 4. Grid Synchronization and Control

of the Three-phase Gird-connected Inverter

4.1 Introduction

In this chapter, grid synchronization of the three-phase grid-connected inverter during normal
and abnormal grid conditions. In the unbalanced grid condition, the dynamic behaviour of the
system becomes progressively worse. AC components will cause power oscillation and
increased harmonic components in the system. Yet, this technique is not effectual if there is an
abnormal condition in the system, or if there should be any disruption in the network. Owing
to the negative-sequence terms, there will be oscillatory errors arising; consequently, the
dynamic behavior develops into something that is progressively worse. Based on the literature
review as discussed in chapter 1 and chapter 2, a method of decomposition is used in this thesis

to decompose the positive and negative sequence components.

The next section of this chapter investigates the main current control used for the three-phase
grid connected inverter. Current control is one of the most important challenges which needs to
be addressed. The main function of current control is to ensure that the reference signal is
followed by the measured signal. Many different current control techniques have been utilized
in order to achieve a better quality of the current waveform. In the three-phase system, current
control can be implemented in various ways such as Proportional Integral (PI) current control
in the synchronous rotating reference frame dg, and Proportional Resonance (PR) current

control in the stationary reference frame af.

4.2 Decomposition of the Symmetrical Components

Under abnormal grid conditions such as unsymmetrical voltage sags or swells, one or more of
the phase voltage drops or rises. As a result, the grid current and voltage lose their sinusoidal
and balanced appearance which makes the control system more challenging.

In this case, the negative sequence component is used to overcome the effect of the fault in the
injected current. Hence, it is necessary to use the method of decomposition to overcome
important issues regarding the operation of the three-phase inverter during unbalanced grid

conditions.
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In normal grid conditions, the three-phase symmetrical component voltage has the same
frequency and amplitude with respect to the phase angle which is shifted in a clockwise

direction by 120° degrees. In general, a three-phase voltage can be written as:

Vo (t) = V2V cos(wt) (4.1)
v () = V2 Vypscos(wt — 1207) (4.2)
v, () = V2V, s cos(wt — 240°) (4.3)

Sometimes it is useful to present this information using the magnitude and phase angle as

presented in phase rotation as:

Vg = Vims £0° (4-4)
vy = Vs £ — 120° (4.5)
Ve = Vs 2 — 240° (4.6)

Thus, the sum of three balanced voltages should be zero:

Vo + Uy + Vg = Uy (120° + 12 — 120° + 12120°) (4.7)

As a consequence, if there is any deviation from the above formula it will represent an abnormal
condition. This can happen when any difference in magnitude or deviation from the designated
phase angles is normally referred to as unbalanced. It must be noted that the difference between
the magnitude of the phase voltages is the most frequently occurring form of unbalance under
a normal mode of operation, and change in the phase normally occurs under faulty conditions.
To overcome this problem, using the symmetrical component method in the three-phase system
can convert the set of the three-phase voltages as well as the three-phase current into a linear
combination of the positive sequence components, the negative sequence, and the zero

sequence.

The symmetrical component can be written as

Va n
Vabe = [vb] = Z(vabc+ + Vape T+ Uabco) (48)
vC i=1
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Where

[ cos(wt + 671)

2T
cos (wt +8t — ?)

]
! (4.9)
|

(4.10)

cos(wt + 69)
Ve’ = VO |cos(wt + 6°) (4.11)
cos(wt + 89

Figure 4.1 shows a positive, negative, and zero sequences. These components can be
represented by v*, v~ in a term of root mean square while the zero sequence has the same

magnitude and in the phase of each other, rotating in the same direction of the positive sequence.

™ 2
Ve Vo Vp h '\
\_»Va = ve + - + //

VC VC Vc
Vabc Vabc+ Vabc_ Vabc
Figure 4.1 The positive, negative and zero sequences system

It should be noted that the three-phase grid-connected inverter applications are using three wire
connections, therefore the zero sequence component can be neglected since it is the only
component that can flow in neutral. As a result, the set of the positive and negative sequence
voltage represent two balanced systems in which the order of rotation between various phases

representing the phase voltages have been reversed. This means:
vyt + v = v (120 + 1£240° 4+ 1£120°) (4.12)
T+ v, +v.” =v7 (120 + 12£120° + 12240°) (4.13)

The equations (4.12) and (4.13) can be expressed in the phasor matrix:
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V. 1« a?] [Va
[Viol=[V-[= 3|1 o« oW (4.14)
Vo 1 1 11Lv,

a is an operator defined as the reference for resulting symmetrical components which is a =
V3

i - -1 .
el2™/3  or can be expressed in rectangular form as o = ~ /5

where j = +/—1 or 90° rotator.

Likewise, the inverse transformation of (4.14) is addressed to be

Va 1J1r 1 17V
Vo= 3l o 1| V- (4.15)
V. a o 11 LV,

The voltage vector matrix of (4.15) can be expressed in the stationary o, f reference frame. The
voltage and the current are now decomposed to the positive sequence signal (PSS) and negative
sequence signal (NSS). Moreover, each of the two-phase voltages and two-phase currents can

be presented in
Vo= Vg + Vg, vp= V5 + vp (4.16)

i = id+ iz, ip=if+ i5 (4.17)

In the stationary reference frame, the component matrix can be reformulated from complex
operator « to signify the time delay in the period (T,) by phase shift 90°. Figure 4.2 shows the

symmetrical component decomposition of a two-phase system in the stationary reference frame

a, p.

Part a) shows the relationship between the positions of «, £ for both positive and negative
sequence components with respect to the phase angle 90°. Parts b) and c) show the
decomposition of @, £. The red vectors are the unbalanced components «, £ of positive and
negative sequence components where the blue vectors are the result of both balance and

unbalance a, S.
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o) B(+)
B 'ja

Figure 4.2 The symmetric components decomposition two-phase system

Hence, the two-phase symmetric components decomposition can be represented as:

V| _1[1 T |[¥] (4.18)
vyl 211 7t [vg]
Vil 1[J 1] (4.19)
vi| 2l 1l

As a result, the input signal frequency ® and the period T, the phase shift -j operator can be

defined as (%) delay in the time domain. It can be said that the positive voltage S (v;;) is

achieved by averaging the normal voltage orthogonal £ with a quarter cycle delay (%) of the
normal voltage orthogonal «. Moreover, the positive voltage o (v}) is also obtained by
averaging the normal voltage orthogonal awith a quarter cycle delay ( % ) of the normal voltage

orthogonal 4.

The equation for the « and # components for positive-sequence can be written as:
+ 1 To
Va(t) = (a(t) — p(t—2)) (4.20)

Vi) =3 (s(0) + va(t—2)) (4.21)
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The negative-sequence can be obtained from the following equation:
Ve () =7 (0a(t) + vp(t —2)) (4.22)
vE(D) =3 (p(6) = vu(t—22)) (4.23)

The equations (4.20), (4.21), (4.22) and (4.23) can be written as the vector of positive and

negative sequence components in complex form:

v = % (v @ + jy (¢ - %)) (4.24)
1 T
v ) =5 (v~ v (t _ ZO)) (4.25)

The equations demonstrate that by delaying the voltage vector by a quarter of the period (%), a

vector constituted of similar positive sequence components with negative sequence component.

respecting the equal amplitude and contrary sign.

However, to implement this method in the practical work in the software of the DSP for the
three-phase grid-connected inverter, the method of decomposition should be written in the
discrete domain. The equations are as follows:

1
v (KTy) =5 WP (KT + jy™ (KTs — Tyno)) (4.26)

VKT = 5 KT, — jyP (KT, — Ting)) (4.27)

where T is the sampling time and n, is the discrete delay of % of the sampling time T.

However, despite several advantages of using the time delay method such as it is easy to

implement in the DSP and its fast response, some disadvantages can be found in this method.
One of the drawbacks is that the delay of period t by % have an effect in real-time

implementation and therefore, some errors appear. In addition, this method requires more data

storage in the DSP.

To enhance this method of time delay, a low-pass filter is implemented in order to shift the

cycle by a quarter-time delay of the sampling time for the first filter and the same method for
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the second filter [107]. The result of the filter can obtain a 90° lag and can be easily implemented

in the DSP. The two low-pass filters can be written as:

H,(s) = ( woo) , Hy(s) = ( =0 ) (4.28)

S+w S+wo

Equation (4.28) can be decomposed and written as:

2

H(s)=( Do )( Do ) Yo (4.29)

s+ we/ \s +wy) (54 wy)?

where w, is the angular velocity.

The behaviour of the filter can be obtained from the Bode plot response of the system. Figure 4.3
shows the Bode plot diagram of the adaptive filter of the decomposition signal. It is illustrated
that only -6 (dB) attention at w, with a phase lag of 90° is achieved. The amplitude attenuation
is0.5.

0 Bode digram of adaptive filter

! System: sys

Magnitude (dB)
N
(=]

-45

Phase (deg)
w
o

-
o
o

-180 ,,,,,,,,,,,,,,:,,,,,,,,,:,,,,,,:,,,, Ly ,,,,,,,,,,,,,,,,:,,,,,,,,:,,,,,,:,,,, »

Frequency (rad/s)

Figure 4.3 The bode plot of the low pass filter

In order to implement this method in the digital signal processor (DSP), a filter should be
converted to a discrete formula. This can be done by using the forward Euler method for one
filter H,(s) and the backward Euler method for the second filter H,(s). To simplify the

discretization of the filter, a two-cascaded equation is implemented in the DSP code.
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The forward Euler and the backward Euler discretization for H; (s) and H,(s) respectively are

shown in the following equations below:

Wo
H =
I(S) (S+(1)0)
H@) = B[ 1,
S z—-1
wWq woTs
H = =
1(5) (z—1/T)+w, z-—1+ w,
woT. woT.z71
Hl(S) — 0's 0ls

zZ— (1 — wyTy) T1- z71(1 — w,Ty)

1) = (55)
N P
H@) = )| 1,
s z-1
w wyT.
(z—1/2T) + wy (z—1+ zT,w,/2Ty)
zw, T (woTs/(1 4+ woT)z
Hy(z) = = I
z(1+ weTs) — 1 z—( )
1+w0T5
Hy(z) = L2 =@l

x(z) (1+woTs)—z1
V(@) + woTsy(2) — z7'y(2) = woTs x(2)

y(@) 1+ woTs) = z7'y(2) = woTs x(2)

y(2) = [27y(2) + wo Ts x(2) ]

1+ woTs

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

where x(z) is the filter input and y(z) is the filter output. w, is the angular velocity and T is

the sampling time.
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The difference equation in the time domain becomes:

1
y(0) = o (Y0 = D + Ty x(2) (4.40)

Note that z=1y(z) = y(k — 1). The difference equation realization of two cascaded filters
[107]. To obtain the final full discrete form of the filters, the final difference equations can be
written as:

y(k) = w,T (% x(k—1)—y(k— 1)) +yk—1) (4.41)

1 (4.42)
z(k) = woTs (Ey (k—1)—z(k - 1)) +z(k—1)

Where x(K) is original o and g voltage sequence, y(k) is the output of the first filter Hi(s) and
z(k) is the output of the second filter Ha(s).

The decompression structure of the filter can be easily shown from the block diagram in
Figure 4.4.

L ’@ %‘ "

—>
. ) . )

-
|_>s+a)0 S+ w, n
B

Figure 4.4 Block diagram of positive and negative decomposition

4.3 Current Control of the Three-phase Grid-connected Inverter

Many different current control techniques have been utilized in order to achieve the best quality
of the current waveform. In the three-phase system, current control can be implemented in
various ways such as Proportional Integral (PI) current control in the synchronous rotating

reference frame dq, and Proportional Resonance (PR) current control in the stationary reference
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frame af. Figure 4.5 shows the single line diagram of the three-phase grid-connected inverter

using a PI controller.

PV Array

3-phase VSC Ls L,

Vdc—{+ -I@ Ci -|-

S.Isd s
PWM
modulation
vg* * 4 VB*

Current

Controller
A

Grid

labc

Coordinate | abc
Transformation B

Figure 4.5 single line diagram of three-phase grid-connected inverter with current control

scheme

4.3.1 Proportional Integral (Pl) Current Controller in the Synchronous

Reference Frame

Traditionally, Proportional Integral (PI) current control is the most common current method
used to control the output current. In the three-phase system, the three-phase reference frame
abc coordinates are transformed into dg synchronous coordinates in a rotating reference frame.
Figure 4.6 shows the circuit diagram of the three-phase grid-connected inverter using a Pl
current controller. The block diagram of the control approach utilizes a cascaded Pl current
control structure. The control consists of an outer loop of the voltage control and internal control

for the current control. This structure increases the performance of the control system.
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PV Array 3
-phase VSI L, L, .
N Grid
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Voitage
Feedfor?/vard'and Vg Vq
p|| cross c¢oupling
yy terms

Figure 4.6 PI controller in synchronous reference scheme

To control the three-phase grid-connected inverter current using a Pl controller, the three-phase
reference frame abc coordinates are transformed into dq synchronous coordinates in a rotating
reference frame with angular frequency using the transformation matrix, as shown in equations
(4.43) and (4.44) [52].

i 2T 2T ]
Vq cosf cos(@ ——) cos(@+—)|[Va
v | = 3 37 v (4.43)
q 21 21
0 sinf sin(@ — ?) sin(6 + ?) Ve
(4.44)

[ 21 2T 1 .
cosf cos(6 — ?) cos(6 + ?) [la]

21 21
sinf sin(8 — ?) sin(6 + ?)
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To control the grid voltage at the point of common coupling (PCC), the greatness of the

measured voltage in aff frame is considered according to the following equation:

Vpcel = ’ngd + V:qzq (4.45)

Note that the magnitude of Vpcc is compared with the magnitude of the reference voltage
Vg(rer) IN PEr-unit (pu). The output of the grid voltage PI controller is the current reference ig .
In normal grid conditions, the unity power factor can be obtained by making iq equal to zero.
On the other hand, the calculated i and iqwere compared with their reference set-point currents
i and i and controlled by the PI controllers. The PI controller is capable of decreasing the
error in the generated waveform. The PI controller can be subdivided into two terms;
proportional gain (kp) and integral gain (ki). The proportional gain has to be adjusted sufficiently
to reduce the error input in the controller leading to an increase in the speed response of the
current controller. The integral gain is responsible for decreasing the distance of the settling

time in the waveform. The controller can be modelled using the following equation:

t
u(t) = kye(t) + k; j e(t)dt (4.46)
0

Where k,, is the proportional gain,k; is the integral gain of the controller, and e(t) is the steady-

state control error. A schematic diagram of the PI control scheme is shown in Figure 4.7.

R} > Ki _[Oe(t)dt u (t) |+

Figure 4.7 Pl control scheme in the time domain

In addition, the calculated ig and iq were paralleled with the reference set-point current ig” and
iq. measured by the PI controllers to create the d and g components of the moderating voltage
va- and vq  in the synchronous orientation frame (SRF). This is reassigned to the standing

location frame by an inverse Park conversion, shown in equation (4.47).
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va] _ [cos® —sinH
[17;]_ [sinG cos @ [ ] (4.47)

The grid voltage feed-forward procedures are occasionally related in grid-connected purposes to
relieve some of the weight on the PI controller itself thus developing the response of the AC
tracking system [143]. The current in the synchronous reference frame can be described from

the single-phase equivalent circuit in d and g components as follows:

_ 7= —lq lq €a
[ q] L [ ]+Lw[ 5 ] +R[iq] + o] (4.48)
where v, and v, are the inverter voltages in d and g components, e, and e, are the grid voltages,

R and L are the total resistors and inductance of the grid filter.

From equation (4.42), there is a clear cross-coupling of the currents in the d-axis and g-axis.
Stereotypically, such cross-coupling can make unwelcome disruption which disturbs the
dynamic retort of the system as each axis concurrently impacts upon the other [144]. Due to this,

a voltage feed-forward de-coupling strategy is added, as shown in Figure 4.6 [39].

On the other hand, the PI controller can be described in the state space transfer and is defined as
follows [53]:
ki
Gpi() = kep + (4.49)

Where, k,, is the proportional gain and k; is the integral gain of the controller.
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Bode Diagram
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Figure 4.8 Pl controller Bode diagram

Figure 4.8 illustrates the concept of PI controller by using the Bode plots diagram. It is expected
that the PI controller magnitude break down goes to zero with -40 dB/dec and goes flat as soon
as it reaches the poles. As a result, the infinite gain at dc and a high gain at the low frequency
will be shown. Therefore, the PI controller will ensure good tracking of the error and good low-

frequency rejection.

In addition, in order to implement the PI controller in the DSP, a digital formula in the discrete
domain is obtained to implement it in real time. To do so, the PI control is converted from the
continuous-time domain to the discrete-time domain. The PI controller equation in the time

domain is:

y() =ky,e(t) + k; J e(t)dt (4.50)
where y(t) is the output of the controller, e(t) is the input error of the controller, k,, is the
proportional gain and k; is the integral gain.

Thus, PI controller can be converted to discrete domain using the Backward Euler method as

following:
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1 T
s 1—z1
(4.51)
11— z71
s = T,
The PI controller in discrete form is as follows:
dy d.e k;
Dk, (E ' Ee) (452)
yK)—y(K—-1) = fe(k)—ek—1) Kk
. =k, < T, + Ee(k)) (4.53)
yK)—y(K—-1) =k, (e(k) —e(k—1)+ %Ts. e(k)) (4.54)
14
y(K)=y(K—-1) +k, (e(k) ll + %Tsl —e(k — 1)> (4.55)
P

4.3.2 Stability of Proportional Integral (P1) Current Controller

In order to test the stability of the system and obtain the impact of the PI controller in the system,
the Bode plot and root locus of the closed loop of the PI controller are obtained. First of all, the
whole system will be converted into a transfer function to test the stability of the system. The
control block diagram is shown in Figure 4.9. The open loop and closed loop system transfer
functions are addressed. The control system has used the Bode plot for the open loop and root

locus for the closed loop. The root locus is one of the methods used to design a closed loop

control system.

69



Chapter 4: Grid Synchronization and Control of the Three-phase Gird-connected Inverter

""""""""" b ufadiadiadidiadig "“""""""""""""‘""“""""'"T“""“_""“""o
5 Pl control frame 5: Complex vector model of dq reference frame with LCL filter H
( .
: H :
: ] :
:i 'i ] i 1 |Ved ipaq ¢
0 12,dq Pl h C C, 1 2,dg
. _|_ —_— >
E +C D controller E’ PWM Rq sCI| + s, + R, E
[ " - :
[) t oy [
' [ (]
[] " N
: ; ‘
H 9, " '
E o Vo =
Lecececccccccacaas teccccelanccccccccccccccccccccccccaccsccacsccacsacccacasacacaacaaaaaaanas

Figure 4.9 Closed loop of an inverter with LCL filter using PI controller

The Bode blot analysis of the PI controller is based on the open loop transfer function of the
system. The cascaded system PI controller with the LCL filter is represented in the open loop

system. Following equations are describing the control diagram open loop transfer functions:

G(s) = Gpi(S). Gpwm(S). Grer () (4.56)

The transfer function of the PWM is given by:

1

Gpwm(s) = 15Ts+1 (4.57)
" S

where; T is the sampling time of the system. In addition, the transfer function of the LCL filter

is given by:

SCRy + 1
S(S2CL,L, + SCRy(Ly + L) + S(L1+Ly))

GreL(s) = (4.58)

Figure 4.10 shows the Bode plots of the open loop system using the PI controller of the open
loop system. It illustrates that the system is fairly uniform across the resonance frequency. It
can be said that the system has a fast response and the stability of the system is confirmed. In
addition, in order to see the stability of the system, it is necessary to plot the root locus for this
system. In this technique, the plots close the loop poles in the complex plane to provide stability

in the system. Equation (4.52) becomes:
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G(s)

()= 156

(4.59)

Bode Diagram
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Figure 4.10 Bode plot of the open loop system

Figure 4.11 shows the root locus of the closed loop system using the PI controller. In this figure,
the stability is determined by the position of the proportional gain k,,. It can be seen that there
are no poles on the right-hand side of the complex planes which ensures that the system is
stable. Based on the result, the value of the proportional gain k,, is chosen to be k,, = 6 to
maintain stability. This indicates that the system is stable for a high enough control gain. In
addition, the control gains can rise to dampen poles to maximum proportional gain k,, that will

give a marginal stability is k,, = 15.
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Figure 4.11 Root locus of the PI controller

4.4 Proportional Resonance Current Control in the Stationary

Reference Frame

The PR current control block diagram is revealed in the stationary reference frame as seen in

Figure 4.12. It is seen as obligatory to alter the alternating current and voltage waveforms from

the three-phase abc coordinate components to two-phase o components utilizing the Clarke

transformation, as shown in equations (4.60) and (4.61) [39, 145].

va
[”ﬁ‘ B

wil N

wl N

L,

\52 \/Zg [1;%] (4.60)
L

o o
2 2|
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Figure 4.12 PR controller in the stationary reference frame control

To control the voltage at the grid side at the point of common coupling (PCC), the magnitude of

the measured voltage in the af frame is considered by using the equations below:

1 2 —1] Vg
[Ua 2 2 2 [v] 462)
vg| T 3 b '
P 3 0 ﬁ _ﬁ Ve
2 2
Vecel = [V + Vg (4.63)

Note that the magnitude of V.. is compared with the reference voltage v ..y magnitude in
per-unit (pu). In normal grid conditions, the unity power factor can be obtained by making
ig" equal to zero. On the other hand, the calculated is and iq were compared with their reference
set-point currents i,* and i,” and controlled by the PI controllers. Here, the PR controller is
capable of decreasing the error in the generated waveform. The PR controller can be subdivided
into two parts; proportional gain (k,) and integral gain (k;). The proportional gain k,, has to be
adjusted sufficiently to determine the controller response and reduce the error input of the

controller. The integral gain k; is responsible for decreasing the distance of the settling time in
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the waveform and controlling the bandwidth around it. The controller can be modelled using
the following equation:

t
u(t) = Kye(t) + K; cos wtf e(t)dt (4.64)
0
where K, is the proportional gain, K; is the integral gain of the controller, and e(¢) is the steady-
state control error. The transfer function of the ideal PR controller is given by the equation:

Gpr(s) = Kp + K; (4.65)

(s? + wo?)
where w,, is the resonant (line) frequency. Due to the high noticeable advance at the fundamental
frequency w, a balanced state error can be characteristically detached via the PR controller.

A chart diagram of the PR control scheme is presented in Figure 4.13.

Gs (s) !

Figure 4.13 Control Diagram of PR controller implementation
Nevertheless, to circumvent the problem of obtaining an infinite gain at the resonant frequency,
a non-ideal PR controller which is given in the following equation can be used instead:

2w.S
(s2 4+ 2w.5+w,?)

GPR(S) = Kp + Ki (466)

where kp is the proportional gain, ki is the integral gain of the controller, w, is the resonance
frequency, and w, is the cut off frequency and w, < wy.

Figure 4.14 shows the Bode plots diagram for PR controller in both causes ideal and non-ideal.
It clearly shows that the non-ideal PR controller has less gain in the narrow frequency over the

entirety of the resonance frequency compared with an ideal one.
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Bode Diagram
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Figure 4.14 The Bode plots of ideal PR and non-ideal PR controller

The considered i, and iz are compared with the references i, and i* and controlled by the PR
controller to derive the reference set-point voltages v, and vs". These references are in the
stationary reference frame, and unlike the PI controller are ac quantities and are applied directly
to the space vector modulation (SVM) without any transformation blocks. In order to create a
more robust PR controller, a harmonic compensator (HC) is designed in analogous lines with
the main PR regulator scheme. It can be said that the HC has no impact on the competence of
the rudimentary PR controller. Nevertheless, it has a substantial bearing on the low order

harmonic frequency. The HC can be executed by the equation below:

2 Ki S
Guc(s) = Z7m (4.67)

where Kjj, is the individual resonant gain, h is the harmonic order.

Importantly, the PR controller can be converted to a discrete domain and implemented in low-
cost digital signal processor (DSP) technology in order to avoid algebraic loops during the
implementation. One of the methods is the generalized discrete equivalent of the PR controller
by transformed to the z domain using the Backward Euler in (4.68). By assuming the error is x,

the discrete z-domain can be written as follow.

H(z) = H(s) TS (4.68)

1_
s z—1
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y _ Kis
x  (s24w,?)

y(k+2) =2y(k +2) — (1 + wo2T?)y, (k) + kiTs[x(k + 1) — x(k)] (4.69)

y =2yz = (1 + 0,2Ts%)z 2y, (k) + k;Tg[z™t — z72]x(k) (4.70)

y—2yz 4+ (1 + 0,2Ts?)z 2y, (k) = k;Tg[z™t — z72]x(k) (4.71)

y(k)(1 =227 + (1 + 0, 2Ts*)z72) = x(k) k;Ty[z™* — z72] (4.67)
) =20

H,(2) = kT, 7o o

1—22714 (1 + 0,2T,*)z 2

where y(k) is the output of the controller and w, is the resonant frequency, T is switching

time.

For non-ideal PR controller can be converted as follow:

H1(Z) = H1(5) 1_Ts
s z-1
(4.73)
y(k) _ 2Kiwcs
x (524 2w.5+w,2)

y(k) = 2y(k = 1) + y(k — 2) + 2w.(y(k) — y(k — 1))+w,2y(KT*  (4.74)
= 2k;w Ts[x(k) — x(k — 1)]

(14 2w .Ts+w,2)y(k) (4.75)
=2+ 2wT,) y(k—1)+y(k —2)
+ 2k;w T[x (k) — x(k — 1)]

y(k) = T T 20T 0 [2+ 2w Ts) y(k—1) —y(k—2)
+ 2k;w Ty [x(K) — x(k — 1)] (4.76)
_y(k)
Hi(z) = (0
1 (4.77)
H(2) = (24 2w, Ty)z7t —2z72

1+ 20w.Ts + ,
+ 2k;w Tg[x(k) — x(k — 1)]

where w, is the cut-off frequency and w, is the resonant frequency.
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4.4.1 Stability Analysis of Proportional Resonance (PR) Current

Controller

Consequently, the stability of the system is used here to impact the PR controller. First, the
control system has used the Bode plot for the open loop and the root locus for the closed loop.
The whole system will be converted into a transfer function to test the stability of the system.

Figure 4.15 shows the closed loop block diagram of the system using the PR controller.

.................. T T
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( " .
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Figure 4.15 Closed loop of an inverter with LCL filter using PR controller

The cascaded system PR controller with the LCL filter is represented first in the open loop

system. The following equations describe the control diagram open loop transfer functions:

G(s) = Gpr(S). Gpwm (5). Grc,(s) (4.78)

Figure 4.16 shows the Bode plot of the open loop system using the PR controller. Since the PR
controller has the proportional part, the system has a fast response and the time can be merged
with a variation of the k,. Due to the resonance part with integral components, it is shown that
there is better damping capability around the fundamental frequency w,. Figure 4.17 shows the
root locus of the closed loop system using the PR controller. In this figure, the system is flexible
and stability is determined by the position of the proportional gain k,,. In addition, no poles are
recorded on the right-hand side of the complex planes which ensures that the system is stable.
Based on the result, the value of the proportional gain k,, is chosen to be k, = 6 to maintain
stability. This indicates that the system is stable for a high enough control gain. In addition, the
control gains can rise to dampen poles to maximum proportional gain k,, that will give a

marginal stability is k, = 15 before it becomes unstable.
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The proportional gain is k,, = 6 that indicates that the proportional gain can be high. Therefore,

the controller proportional gain can be increased up to the k,, = 15

Bode Diagram
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Figure 4.16 The bode blot of the open loop system
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Figure 4.17 The root locus of the closed loop system
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4.5 Chapter Summary

This chapter introduces the grid synchronization of the three-phase grid-connected inverter
during normal and abnormal grid conditions. In abnormal grid condition, the dynamic
behaviour of the system becomes progressively worse. Therefore, a method of decomposition
is used in the thesis to decompose the positive and negative sequence components and achieve
balance output current. This can be done based on the time delay method. Two filters are
implemented in order to shift the cycle by a quarter-time delay of the sampling time for the first
filter and the same method for the second filter. The result of the filters can obtain a 90° lag and

can be easily implemented in the DSP.

In the three-phase system, current control can be implemented in various ways. The
Proportional Integral (PI) current control in the synchronous rotating reference frame dq, and
Proportional Resonance (PR) current control the stationary reference frame of are the most
current control techniques. The implementation of the industrially accepted PI controller, along
with the developing PR controller; accepted in grid-connected renewable energy applications,
has injected the current under abnormal conditions under any circumstance such as grid fault.
Thus, the current control techniques based on the most suitable strategies that could achieve
better results during normal and abnormal conditions in the thesis are: positive and negative
sequence control (PNSC) and balance positive sequence control (BPSC).
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Chapter 5. Simulation and Experimental

Results for Pl and PR Current Controller

5.1 Introduction

In this chapter, simulation and experimental results for the three-phase grid-connected inverter
are presented using Pl and PR current controllers. The first part looks at the inverter controlled
using a PI controller. The second section looks at the inverter controlled using PR controller.
Performance evaluation of the controllers based on harmonic distortion and dynamic response

of the system is also demonstrated.

The system is applied and modelled first in Matlab/Simulink tools version 2012, taking into
account the normal and abnormal grid operating conditions. The model comprises the three-
phase inverter powered from PV array, with an LCL filter connected to the utility grid. The
three-phase grid current is transformed to reference frame and fed to the appropriate controller.
The control structure is based on cascaded Pl or PR current control. The control techniques
consist of an external voltage control loop and internal current control loop. This structure
increases the performance of the control system. The control variable is used to generate the
PWM signal using Space Vector Modulation (SVM); this being the most common modulation

approach based on space vector in the stationary reference frame af8 plane.

This chapter also describes the experimental hardware equipment for the three-phase grid-
connected inverter. It contains an overview of the hardware used. The system comprises the
three-phase inverter powered from a DC source and an LCL filter connected to the three-phase
inverter. The three-phase grid current is transformed to the reference frame and fed to the

appropriate controller. The current control structure is based on PI or PR current control.

5.1 Simulation Model of the System

This section is shown the simulation model of the three-phase grid-connected inverter. To
determine the parameters of the simulation, the following equations are used based on the [146-
148].

The DC link voltage is derived from the equation (5.1):
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Vie = 22 (5.1)
“ T miN3V, '
where V. is the dc link voltage, V, is the line voltage, mi is the modulation index.

The inductances and capacitance values of the LCL filter are calculated from the base values
using (5.2) and (5.30) respectively.

VLLZ (
_ 5.2)
Zy P
1
Zpwy

where V;;, is the line to line voltage, P is the active power, Z,, is the base impedance, C,, is the

base capacitance and w,, is the grid frequency.

The filter capacitor is a relation between the allowable fraction of the reactive power at rated

voltage and current expressed as:

where Cy is the filter capacitor, x, is the allowable fraction and has been chosen to be 5%.

To design the inverter-side inductor (L1), which Ly is chosen to reduce the ripple in the current.
The allowable current ripple should be considered as the percentage of the inverter current and
is given by:

2L f;

A, (5.5)

where Ai; is the allowable per-unit ripple in the line current and f; is the switching frequency.

The value of Ai; is chosen to be equal to 10% of the line current

A iL = Xy iL (56)

where i; is the output inverter current, x, is allowable current ripple and has been chosen to be
25%.
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The inverter-side inductor L1 is given by:

Vdc

h=GE he oy

(5.7)
where f; is the switching frequency. In addition, the grid-side inductor L is designated as a
segment of the inverter-side inductance which is accountable for the diminution of the majority
of the switching ripple. Consequently, L, is a function of the inverter-side inductor L1 and can
be calculated as:

L, =x3L (5.8)
Where x5 is the ratio index between the inductance at the inverter-side and grid-side.

where C,, is the base filter capacitor.

The resonant frequency of the LCL filter can be calculated as:

1 ’L1+L2
= — 5.10
fres = 52 LiL,Cf (5-10)

This resonant frequency is chosen to be at least 10 times the line frequency but less than half of

the switching frequency [150].

From the above equations, the nominal operating parameters used in the simulation model are
listed in Table 5.1.
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Table 5.1 Three-phase inverter simulation parameters

Parameter Value

Rated power, P 100kW
Inverter side inductance, L1 5mH
Inverter side inductance, L2 3mH
Grid voltage -line to line, Vg 415V
DC voltage, Vdc 760 V

DC capacitor, Cqc 2000 pF
Switching & Sampling frequency, fs 10 kHz
Filter capacitor, Ct 92 uF

Figure 5.1 shows the simulation model in the Simulink environment modelled using the
calculated parameters of Table 5.1. Figure 5.2 shows the PLL, voltage and current
transformations. The simulation results were obtained from Matlab/Simulink software package
under normal and abnormal grid operating conditions with constant grid voltage magnitude,

constant frequency and constant power from the PV array.
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Figure 5.1 Simulink model of the three-phase grid-connected inverter

84



Chapter 5: Pl and PR Current Controller

ZOH
—3
Vabe
Scope
labc

ZOH1

I(sin_cos)

V(sin_cos)

Vabc_to_WVdqo

Vg

W

F=

L 57

Theta_grid

Discrete
3-phase PLL1

a-b-c to alpha-beta3

Iabc_to_IdgO

Phase-Jump
sin_cos 1
Scope?

Volatge seberation Subsystem

Scopel4

Scopel2

Scopeb Scope10

Figure 5.2 PLL, voltage and current transformations

85




Chapter 5: Pl and PR Current Controller

5.2 Simulation Results

Figure 5.3 and Figure 5.4 show the three-phase grid voltage waveform and the three-phase
current waveform. As can be seen from the figures, both waveforms are sinusoidal with low
harmonic content. The voltage amplitude is 350 V whilst the current amplitude is 140 A. The

value of PI controller parameters is shown in Table 5.2 .

Table 5.2 PI controller parameters

Parameter The proportional gain k,, The integral gain k;
DC voltage controller 1.0 0.1
Grid voltage controller 7 0.0001
d-axis current controller 6 0.5
g-axis current controller 6 0.5
400
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Figure 5.3 The three-phase grid voltage
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Figure 5.4 The three-phase grid current

Figure 5.5 shows the measured D.C voltage from the PV source. The DC link voltage is stable
with a magnitude of 760V. Figure 5.6 illustrates the PI controller waveform of the reference
and the measured DC-link voltage. The Pl controller is tuned to obtain zero phase error.
Therefore, the measured DC-link voltage follows the reference waveform.
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Figure 5.5 Measured DC voltage
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Figure 5.6 Measured PI controller for DC voltage

Figure 5.7 and Figure 5.8 shows the reference and the measured current waveform for the
current controller for the d-axis and the g-axis current, i; and i, respectively. In the controller,
the current values are expressed in per-unit with the peak value of the nominal current used as
the base value. The PI controller is manually tuned method using trial and error to obtain zero
error between the reference and the actual current, and the results show that this was achieved.
The current reference for i, is set to zero so that there is no reactive power applied to the
inverter and the grid to achieve unity power factor. To observe the dynamic response of the
system, the PI controller was tested under step response as shown in Figure 5.9. The controller

shows the good performance current iy follows the reference current i;_,.r with less overshoot

and settling time.
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Figure 5.7 Reference and measured d-axis current
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Figure 5.8 Reference and measured g-axis current
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Figure 5.9 The step response of the reference and measured current i,

Figure 5.10 shows that the magnitude of active power and the reactive power. The active power
is at its nominal value of 100 kW while the reactive power is zero. This confirms that the active
power is controlled by i, and the reactive power is controlled by i, and the control of the two

currents is decoupled.
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Figure 5.10 The active and reactive power waveform
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5.2.1 PI controller under abnormal grid conditions

This section investigates the performance of the control technique under abnormal grid
conditions. The abnormal grid conditions are faults which lead to voltage sags or swell at the
inverter terminals. Most common of abnormal conditions and power quality refers to voltage
sags. Two possible scenarios have been considered, the first one considers is a balanced three-
phase fault leading to a voltage sag of 75% of the rated voltage for the time interval of 0.1-0.15
seconds and voltage swell of 30% from 0.17-0.19 seconds. Whilst the second case analyses an
unbalanced voltage sag of 90% of the nominal voltage applied to two phases of the gird-

connected inverter.

5.2.1.1 PI controller under balanced voltage sag

Figure 5.11 shows the three-phase voltage waveform during the balanced voltage sag and swell
disturbance. It can be seen that the voltage magnitude in all the phases is reduced equally, but
the waveforms are not distorted. Figure 5.12 shows the three-phase current waveform during
the balanced voltage sag and swell. There is an increase in the magnitude of the current during
the fault at a time interval of 0.1-0.15 seconds and decreased from 0.17-0.19 seconds. This is
because the same amount of active power has to flow from the PV array to the grid before and
during the voltage sag. Therefore, when the voltage decreases, the current has to increase to

maintain the flow of active power.
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Figure 5.11 The three-phase voltage waveform under balanced voltage sags and swell
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Figure 5.12 The three-phase current waveform under balanced voltage sags and swell

Figure 5.13 shows the reference and actual current i~ and i, respectively. The reference
current is determined by the outer DC voltage controller, to control the active power flowing

from the PV array to the grid. During the voltage sag, the current reference rises, to compensate
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for the decreased voltage at the point of common coupling (PCC), and the actual current

increases following the reference.

Figure 5.14 shows the reference and actual current i," and i, respectively. The reference
current is obtained from the outer loop PCC voltage controller. Before the voltage sag, the
actual voltage at the PCC is equal to the reference voltage and the reference current i, is equal
to zero. During this time, there is no reactive power flow between the inverter and the grid.
During the voltage sag, the voltage at the PCC is less than the reference voltage, and the current
reference i," becomes equal to -0.5 pu. The actual current follows the reference, and this means
that reactive power will flow from the inverter to the grid, and help to increase the voltage at
the PCC during the voltage sag. The waveforms for the current controller values show that the
measured current follows the reference current accurately during the voltage sag. Therefore, the
controller is not sensitive to the voltage sag. The FFT of the current waveform shows a THD of
2.01% in Figure 5.15.
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Figure 5.13 The reference and measured d-axis current ig for P1 controller
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Figure 5.15 The FFT of the current waveform using PI controller

5.2.1.2 PI controller under unbalanced voltage sag

Unbalanced abnormal conditions include unbalanced voltage sags. During a voltage sag, the
phase voltage decreases to between 10% and 90% of its nominal value for the duration of the

fault causing the voltage sag. In an unbalanced voltage sag, the phase voltage decreases in one
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or two phases. Figure 5.16 shows the three-phase voltage waveform during an unbalanced
voltage sag. In this figure, two phases have been affected by voltage sag. In this case, the current
will be distorted as shown in Figure 5.17. This is because the unbalanced voltage consists of
positive-sequence and negative-sequence components, and the current will also consist of the
same components. To deal with this matter, the current has been decomposed into positive and
negative sequence components based on delayed signal cancellation method. It is worth
noticing that after the decomposition, the injected current into the grid is balanced and is not
distorted as shown Figure 5.18. The current components in the positive-sequence controller are

also shown in Figure 5.19. It can be concluded that the measured current follows the reference

current.
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Figure 5.16 The three-phase voltage under unbalanced conditions
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Figure 5.17 The three-phase distorted current waveform under unbalanced conditions
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Figure 5.18 The three-phase current waveform under unabalnced grid conditions using

decompestion method
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Figure 5.19 The reference and measured iq for in the positive-sequence controller under

unabalnced grid conditions

5.3 Simulation Results of PR Current Control in the Stationary

Reference Frame

In this section, the three-phase grid system has been controlled using PR current controller.
Figure 5.20 and Figure 5.21 show the three-phase voltage and current waveform, respectively,
for the inverter, obtained using the PR controller in steady-state. Using this approach, the PR
controller with a harmonic compensator generates smoother waveforms in terms of the

distortion. Table 5.3 shows the controller parameters of the PR controller.
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Table 5.3 PR controller parameters

Parameter The proportional gain k,, The integral gain k;
DC voltage controller 1.0 0.011
Grid voltage controller 5 0.0022
a-axis current controller 3 1000
[3-axis current controller 3 1000
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Figure 5.20 Measured phase voltage waveform
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In addition

reference frame. The control parameters are manually tuned using trial and error to obtain the

smallest er

stationary reference frame alpha and beta follow the reference current effectively as shown in

the figures.

Current [p.u)

Current (p.u)

Pl and PR Current Controller

, Figure 5.22 and Figure 5.23 show the alpha and beta current in the stationary

ror between the reference and the measured current. The measured current in the
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Figure 5.22 The alpha current in the stationary reference frame
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Figure 5.23 The beta current in the stationary reference frame
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5.3.1 PR controller under abnormal grid conditions

The performance of the PR controller has been experienced in abnormal grid condition
considering two cases. In the first case, three-phase voltage sag is applied at a time of 0.15 sec
as shown in Figure 5.24. Figure 5.25 shows the current waveform under voltage sag. It can be
seen from the Figure 5.24 and Figure 5.25 that the result is satisfactory in both transient and

steady state.
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Figure 5.24 The three-phase grid voltage waveform under voltage sags
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Figure 5.25 The three-phase current using PR controller

Despite the PR controller offers good performance during abnormal grid conditions. However,
a sudden change in the grid such as the drop or the increased in the voltage could show a rise
in regard to the error between the reference signal and the controlled signal. This, in turn, would

seemingly cause a noticeable divergence from its nominal value in the transient response. In
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this regard, the implementation of the PR controller is unable to keep up with the upsurge in
the error, which weakens the controller functioning. The stationary reference frame alpha and
beta are shown in Figure 5.26 and Figure 5.27, which illustrate the error between the reference
and the measured current is approximately 8% when there is a sudden decrease or sudden
increase in the voltage. Figure 5.28 shows the FFT analysis of the current waveform using PR
controller. It can be seen that the THD and harmonics speccturm of the phase current is smaller

compared with that the THD and harmonics speccturm of PI controller in Figure 5.15.
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Figure 5.26 The alpha current waveform
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Figure 5.27 The beta current waveform
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Figure 5.28 The FFT of the current waveform using PR controller

To overcome this problem, an improvement in the current control using a novel adaptive PR

controller based on look-up-table is implemented and demonstrated in chapter 6.

5.4 Hardware Equipment for the Three-phase Grid-connected

Inverter

Figure 5.29 shows an overview of the three-phase inverter rig and supporting equipment. The
experimental rig consists of a metal case, DC source, supply variac transformer and RL loads.
A large metal case is used for the purpose of putting all the components together, as can be seen
in Figure 5.30. The metal case contains a three-phase inverter, control board, and gate drive
which were all built in Newcastle University’s electronics laboratory. To supply the low voltage
electronics, an auxiliary power supply unit (PSU) is included in the equipment enclosed in the
case. For short-circuit, current protection, a miniature circuit breaker (MCB), and fuses rated at
different current values are used. The metal case is grounded to ensure safety from earth fault
currents. Contactors with delay timers are used to connect the inverter to the DC power supply,
and to the grid respectively. The DC contactor is switched first to charge the DC link capacitor
with and after the set delay, during which the DC link capacitor gets fully charged, the AC
contactor can be switched on. The equipment inside the case is shown in Figure 5.30. Three
LEM CASGENP current sensors are used to measure the current which is fed back to the
controller through a sensor interface board and an analogue-to-digital converter (ADC). The
grid voltage is measured using 6 AD215AY isolated voltage sensors which measure the voltage
at the point of common coupling (PCC) between the inverter and the grid, and at the grid side
of the variac. The voltage measured at the grid side of the variac is used to synchronize the

inverter to the grid using a PLL.
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Figure 5.30 The three-phase inverter rig metal cage from inside

Since the project concerns a three-phase grid-connected inverter, it has been connected to the
grid via a 415 V mains supply in the experimental study. In this case, a supply variac
transformer and isolation transformer are interfaced between the grid and the rig as shown in
Figure 5.29.

The three-phase variac transformer is used in order to effectively regulate the voltage from the
mains supply to the experimental grid-connected PV inverter system. In addition, it allows the
DC link voltage to be used at low values instead of using the conversion ratio between DC/AC
applications. However, the variac is a non-isolated transformer which has no protection from

any feedback of the DC current into the mains supply. Thus, to overcome this issue, an isolation
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transformer is connected between the grid’s mains supply and the variac transformer. The

connection is A-Y.

In addition, Figure 5.29 shows the LCL filter connected the rig. An LCL filter has been used in
the experiment to smoothe the output waveform from the AC side of the inverter and thus

reduce the harmonic of the switching frequency.

Two three-phase inductances are tapped to five different readings in order to test the effect of
various values of inductances. The inductorL,, is tapped from 0.3mH to 0.8mH and L,, is
tapped from 0.1mH to 0.3mH with a rating current of 15A. Different values of inductances and
capacitances have been tested and the most suitable values chosen for a 10kHz switching

frequency.

5.5 Control Board and DSP

In the practical tests, the three-phase grid connected inverter uses a Texas Instrument eZdsp
F28335 Digital Signal Processor (DSP) which uses an algorithm to produce various series of
digital pulses patterns. This DSP generates high processing speeds that allow control of the
power electronic switches dependent on the results of sophisticated mathematical calculations.
The F28335 DSP is connected to the general interface control board as shown in Figure 5.31.
The general interface board has been designed and built at Newcastle University by Dr. David

Atkinson and has following features:

» It is modified to have six drive interfaces and allow six pairs of PWM output, meaning
that it can be used in multilevel converter applications.

» It has six voltage window detectors for the interface of the ten sensors which can be
used in case of any excessive voltage or current occurring.

» The analogue signal is transformed to a digital signal via an analogue-digital converter
(ADC).

» The digital signal can also be converted to the real time from the four digital-analogue

Converter (DAC) channels on the board.

103



Chapter 5: Pl and PR Current Controller

Figure 5.31 Newcastle University control board

Once the functions have been coded, the controller can communicate with the LabVIEW
program via an RS232 serial interface port in order to be monitored and tested by the user in
real-time. A LabVIEW software control program is chosen because it provides a safe technique
for communication with the rig during the test operation in online applications as shown in
Figure 5.32. A LabVIEW control panel is programmed to enable/disable the microcontroller
functions such as sending a reset signal to the microprocessor by pressing buttons.
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Figure 5.32 Screen shot of LabVIEW
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5.6 Power Wiring Diagram

The experimental system is designed and installed to provide interaction between PV sources
and the utility grid in the UG lab bay A. Figure 5.33 shows a general overview of the power
wiring diagram for the rig. A three-phase inverter is supplied by a DC source and connected to
the LCL filter. The rig has two DC switching contactor (D1 and D) from the DC side and one
contactor (A) from the AC side along with the main MCB for safety and emergency purposes.
When the DC link is switched on, a high inrush current will flow into the DC link circuit. A
timer delay is connected to the contactor (D>) to hold it for a few seconds in order to allow the
DC capacitors to charge up. A resistor is connected in parallel with the contactor and a diode is
connected on the DC side to prevent the reversal of the current into the DC power supply. In
addition, the rig has one voltage sensor on the DC link voltage, three voltage sensors in the AC
side and three current sensors also on the AC side. In order to protect the DC link capacitors
from excessive current, a fast fuse is placed before the output of the three-phase inverter which

has the ability to blow up in case of over-current.
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5.7 Grid Connection Sequence

In order to connect the three-phase inverter to the grid, the following procedures are employed:

=

All AC and DC switches are switched off.

The three-phase variac is set to zero voltage to make sure that no voltage is applied to

N

the system.

3. The program code is run and it is checked that the phase-locked loop is working.

4. The DC supply is switched on to charge the capacitors and after a few seconds, the AC
side is switched on.

5. The three-phase variac is gradually increased and DC link voltage is established to feed
the inverter input until it reaches the maximum allowable values. However, the current
demand is still kept at zero.

6. The LabVIEW control program is switched on and the current demand is gradually
increased in order to deliver the current to the grid network.

5.8 Experimental Results of Pl and PR Controller

To validate the control technique for the system in the laboratory, the system is scaled down
and has been tested, the specifications of the system parameters have been accurately chosen
based on mathematical equations [146-148]. The experimental parameters are calculated based
on equations (5.1) to (5.10). The nominal operating parameters are shown in Table 5.4.
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Table 5.4 Three phase inverter practical parameters

Parameter Value
The output power 300W
Grid voltage (line to line) Vi 40V
Inverter side inductance 0.6mH
Grid side inductance 0.175mH
DC-link voltage 50 V

DC capacitor 1500 pF
Switching frequency 10 kHz
Sampling frequency 10 kHz
filter capacitor 20 uF

5.8.1 Experimental result of PI current control

The harmonic content of the grid voltage was stable throughout the course of the measurements.
Figure 5.34 and Figure 5.35 show the three-phase voltage and the current waveform using the
P1 current control technique. The results were obtained under normal steady-state grid operating
conditions with a constant grid voltage magnitude, constant frequency and constant power from
the DC power supply. As can be seen from the figures, both waveforms are sinusoidal with low

harmonic content. The same effect is also observed in the low ripple in the current result.
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Figure 5.34 Three-phase voltage waveform at PCC
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Figure 5.35 Three-phase current waveform using P1 controller

Figure 5.36 shows the reference and measured iy and i, of the PI controller. It can be seen, that
the measured current i, follows the reference current iy_,.r and the current i, follows the

reference current i,_,.r. This demonstrates that the controller is working effectively.

109



Chapter 5: Pl and PR Current Controller

Tek stop Maise: Filter Off

< 10 Hefad1:35

& S0 A P T
& S00mé 500 |[1I].I]ms [ 1004

Figure 5.36 The reference and measured i; and i,

To observe the dynamic response of the system and the control performance compared with the
simulation results, the PI controller was tested by applying step reference current as shown in
the Figure 5.37. The controller shows the good performance with current i; following the

reference current i;_,..r With only a small overshoot and settling time 0.2 sec.
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Figure 5.37 The reference and measured i; and i,under step response
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5.8.2 Experimental result of PR current control

In addition, the performance of the PR controller was tested in a grid-connected system.
Figure 5.38 shows the three-phase current waveform with phase-a of the grid voltage, which
demonstrates that the PR current controller with harmonic compensator generates smoother

waveforms in terms of the distortion and this indicates that PR controller works effectively.
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Figure 5.38 The three-phase current waveform with grid voltage using PR controller

Figure 5.39 shows the reference and measured alpha o current waveform and the reference and
measured beta £ current waveforms respectively. There is a phase shift of 90 degrees between
the alpha and the beta current. In addition, both results case show that perfect tracking is

achieved.
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Figure 5.39 The reference and measured alpha and beta currents waveform

The next results show the step response of the three-phase output current of the inverter
waveform connected to the grid using the PR current controller. This test was performed to
observe the dynamic response, stability, and performance of the control system. Figure 5.40
shows the three-phase current waveform with step response. In this figure, the quality of the
output current waveform is shown. Figure 5.41 shows the reference and measured alpha «
current waveform with step response. The transit and the dynamic responses with fast response

has been considered.
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Figure 5.40 The current waveform with step response
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Figure 5.41 The alpha reference and measured current waveform with response

By adding the harmonic compensator to the PR controller, an attenuation of the current

waveform in

results here involve Fast Fourier Transform (FFT) analysis to show a reduction harmonics in and
good performance is clear in terms of accurate tracking and a fast dynamic response. According
to the IEEE standard 929, the odd harmonics from 3" to 9" should be lower than 4% and from
11" to 15" should be lower than 2%. In Figure 5.42, the highest harmonics are the 5" and 7%"

which are 1%, while the 11", 13" and 15™ are less than 0.3%. Therefore, the controller meets

terms of total harmonic distortion THD is obtained as shown in Figure 5.42. The

the standard requirements.
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Figure 5.42 The THD of the current waveform of PR controller with HC

5.9 Unbalanced Grid Connected Result

The aim of this research is to study the behaviour of the three-phase grid-connected inverter
during normal and abnormal conditions such as voltage sag or voltage swell. Therefore, the
ability to control the current under unbalanced grid condition is important. To do this, the current
control compensates for unbalanced condition and allows the system during the fault.

As stated before, unbalanced conditions occurring in the grid can affect the current waveform in
both PI controller in the synchronous reference frame and PR controller in the stationary
reference frame. The controller has been tested in the response of different unbalanced
conditions with different voltage sags as well. The first test is carried out based on a line-to-
ground fault. The second method uses a line-to-line fault giving an unbalanced voltage sag. In
addition, the controller has been tested with different amplitudes of unbalanced voltage sag. As
a result of that voltage sag, the phase-locked loop output is distorted. In order to deal with
unbalanced grid conditions, the positive and negative sequences must be compensated for
extracted and controlled. As discussed earlier in chapter 4, positive and negative sequence

decomposition is used to overcome the effects of unbalanced conditions.

5.9.1 PI current control for unbalanced grid condition

The system is controlled first by the PI controller using the conventional single synchronous
reference frame (S-SRF). To control the system using a PI controller, the three-phase reference
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frame abc coordinates are transformed into dq synchronous coordinates in a rotating reference
frame with angular frequency. Figure 5.43 shows the unbalanced voltage grid. It is illustrated
that the phase a is lower than phase b and phase c. With this control method, the PI controller
shows a poor control waveform and cannot deal with the unbalanced conditions due to the
increase of oscillations in the current signals as shown in Figure 5.44. It can be noted that Pl
controller is shown poor performance due to cross-coupling between d and g coordinators and
needs decoupling term between the d and g coordinators and the voltage feedforward. However,
by using voltage feed-forward the control is shown to improve slightly but still suffers from the
unbalance as shown in Figure 5.45. As a result, the use of the control approach led to an unstable

system and the total harmonic distortion is over than the IEEE standards.
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Figure 5.43 Three-phase unbalanced voltage
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Figure 5.44 Three-phase current waveform under unbalance condition
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Figure 5.45 Three-phase current under unbalance condition with feed-forward voltage

5.9.2 Dual frame control under unbalanced condition

In an unbalanced system, the nature of the injected current to the grid is different than in normal
grid conditions. During the grid unbalance conditions, the grid is distorted by unbalanced
voltage sag in one phase or more phases. In ordered to ride through the unbalance of the
voltage, the current injected into the grid includes the negative sequence components to enhance
the quality of the waveform. The first method is a dual positive and negative sequence
components d-q PI controller in the dual synchronous reference frame and the second one is a-
S PR controller in the stationary reference frame.

5.9.2.1 Dual PI controller in the synchronous reference frame:

The current control is used both positive and negative sequence components based on positive
and negative current control. The measured current injection to the grid is expressed in dg*
and dq~ reference current as shown in the Figure 5.46. The effect of the cross-coupling between
the positive and negative sequence reference frame is shown in the Figure 5.46. It is also clear

that the measured current is able to track the reference accurately.
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Figure 5.47 The three-phase unbalanced voltage in phase a

Figure 5.47 shows the three-phase unbalanced voltage in phase and Figure 5.48 shows the three-
phase current waveform. This demonstrates that the control system is working effectively and
can deal with unbalanced grid conditions using the dual PI control technique. The output current
waveform is stable. The synchronous controller builds two control loops to control unbalanced
current, one of the positive sequence components and the other for negative sequence

components.
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Figure 5.48 The three-phase current waveform

Figure 5.49 shows the FFT of the current waveform using the dual PI controller under
unbalanced grid conditions. The total harmonic distortion is 3.95% which is within the limits
specified by IEEE standard.

Fundamental (50Hz) = 3.463 , THD= 3.95%
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Figure 5.49 The FFT of the current waveform using dual PI controller

In addition to the unbalanced method, the controller has also been tested with an unbalanced
line-to-line fault to check the robustness of the system. Figure 5.50 shows the three-phase
voltage with unbalanced line-to-line voltage sags.
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Figure 5.50 The three-phase voltage with unbalanced line to line voltage sags.

Figure 5.51 shows the three-phase current waveform. The output current shows a small

overshoot which is normal in Pl controller and smooth waveform. It can be seen there is no

effect of the unbalanced voltage to the quality of the current waveform.
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Figure 5.51 The three-phase current waveform.

5.9.3 PR current controller for unbalanced grid condition:

In this section, the system has been controlled using PR current controller under unbalanced
grid conditions. Figure 5.52 and Figure 5.53 show the voltage and current waveform for the
three-phase using PR controller respectively. Using this approach, the PR controller with

harmonic compensator generates smoother waveforms in terms of the distortion. This proves
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that the control system is working with unbalanced grid conditions using the conventional PR
control technique. The output current waveform is maintained stable during the unbalance. It is
worth noting that no need to builds two control loops to control unbalanced currents like Pl
current control which it used two control loops, one for the positive sequence components and
the other for negative sequence components. Figure 5.54 shows the reference and measured

alpha and beta current using conventional PR controller waveforms.

Although the PR controller offers satisfactory performance during abnormal grid conditions. It
can be noticed in Figure 5.54, an error between the reference signal and the controlled signal in
the alpha and beta current using conventional PR controller waveforms. In this regard, the
implementation of the PR controller is unable to keep up with the upsurge in the error, which
weakens the controller functioning. To get beyond this concern, an enhancement in the current
control using a novel adaptive PR controller is implemented and demonstrated in the next

chapter.
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Figure 5.52 Three-phase voltage with unbalance voltage sag
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Figure 5.54 The reference and measured alpha and beta current using conventional PR

controller waveforms

Figure 5.55 shows the total harmonic distortion of the current waveform. The FFT analysis is
able to record a low value of the THD which is 3.25% which is less than maximum THD in Pl
controller in Figure 5.49 which is 3.95%.
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Figure 5.55 The FFT waveform of the current waveform

5.10 Chapter Summary

In this chapter, the influence regarding the current control scheme for the three-phase grid-
connected inverter has been considered. The simulation and experimental results for the three-
phase grid-connected inverter were presented using Pl and PR current controllers. In the three-
phase grid-connected system, current control can be implemented in various ways such as the
synchronous rotating reference frame dq, and the stationary reference frame of in a rotating

reference frame with angular frequency using Clarks’s and Park’s transformations.

The current control schemes used are the Pl and PR controllers under normal and abnormal
conditions. The simulation and practical results show that the Pl and PR current controllers are
able to control the system in general under normal grid conditions but suffer in abnormal

conditions.

Pl current control is a straightforward tunning method to use within the control system.
However, the PI current controller suffered from some drawbacks. d and g coordinators are
decoupled due to cross-coupling terms between them. The PI current controller requires more
transformation from three-phase to two-phase, which therefore requires more space in a DSP.
P1 current control is poor for eliminating low order harmonics, for that reason, the feedforward
control method is applied in the control system to be able to reduce the grid current harmonics
caused by grid voltage distortion without changing the dynamic response.
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Under abnormal grid conditions, the Pl controller needs to control the positive and negative

voltage sequence separately, which makes the controller more complicated than before.

PR current control as another control method working in in the stationary reference frame. PR
current control is a straightforward method and has the capability to eliminate the steady state
error in normal grid conditions. In addition, PR controller can implement harmonic
compensator without changing the dynamic response. « and 8 coordinators are not decoupled
to each other. In abnormal grid conditions, PR controller can only control the positive voltage
sequence since both the positive and negative voltage components have the same fundamental
frequency. However, under abnormal grid conditions, the controlled signal instigating
significant deviation from its nominal value and causes an error which weakens controller
performance. As a result, a novel adaptive PR controller was implemented and tested in both
balanced and unbalanced grid conditions in the simulation and verified experimentally in the

following chapter.
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Chapter 6. Adaptive PR Controller

6.1 Introduction

In this chapter, the proposed adaptive PR controller is presented. The aim of this chapter is to
validate and prove the advantages of the proposed control approach in terms of stability and
minimizing the error between the measured and the reference controllers in the current
waveform during normal and abnormal grid conditions. The proposed technique is
implemented with the eZdsp F28335 and verified experimentally in normal and abnormal grid
conditions. The proposed control method is able to achieve better waveform with less overshoot

and less total harmonic distortion compared to PI controller and conventional PR controller.

6.2 Adaptive PR Controller

During abnormal grid conditions, the error between the references should be minimized to
within a very small limit. This requires appropriate adaptive control. In general, as k,and
k; increase, the gain and the bandwidth of the system is also increased. However, as the gain

increases, instability in the system can occur.

In the transient response, a large value of the k,,leads to an increase in the gains of all frequency
components, while k; decreases the settling time and helps reduce steady-state error and
therefore the higher the loop bandwidth, the better the transient performance [151]. When the
level of error suddenly increases beyond the maximum allowed variation of desired values in
the transient response, the adaptive controller will auto-tune the value of both the k, and k;

using interpolation in a look-up-table of the PR controller.

In this study, the adaptive PR controller strategy is used to regulate stationary gains regarding
proportional and integral elements of the PR controllers. The online adaptation is founded on a

look-up table, which is used to inform the controller parameters using the following equations:
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ke (k + 1) = ky (k) + Aky(K) (6.1)

ki(k+1) = k;(k) + Ak;(k) (6.2)

where k,(k) and k;(k) are the reference values of the adaptive PR controller gains.

Ak, (k) and A k; (k) are chosen based on the error |e| using the following method:

e If |e| is higher than the 8 %, a large (A k,(k), A k;(k)) is chosen.
e If |e| is higher than the 5 % and less than 8%, a medium (A k, (k), A k;(k)) is chosen.
o If |e| is less than the 5 %, a low (A k, (k), A k;(k)) is chosen.

The high gain will make the system response faster and increase the robustness of the controller
during the transient response. The proposed algorithm for the control adaption technique can
be seen in Figure 6.1 and proposed adaptive PR controller scheme is shown in Figure 6.2. In
this figure, the reaction of the adaptive system against the error e will be within the desired
gains which ensures that the system is stable. Based on the result, the value of the adaptive gain
will increase until the error is reduced to maintain stability. This indicates that the system will
be stable for a high enough control gain. In addition, to achieve balanced and sinusoidal grid
currents during unbalanced grid conditions, the positive-sequence component of the grid is used

for synchronization (BPSC).
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6.3 Simulation Results of Adaptive PR Controller under
Abnormal Grid Condition

In cases of unbalanced grid conditions, the controller has been tested with different voltage
sags. As a result, the controlled signal starting could promote a rise in the error between the
reference signal, and the controlled signal which can be identified as creating aberration from
its nominal value. To overcome this concern, the adaptive PR control techniques have been
used in the stationary reference frame to control the current based on look-up-table is
implemented to obtain the optimal values of the control parameters. It establishes and associates
the enactment of the adaptive PR controller during standard and irregular grid voltage

conditions.

The performance of the adaptive PR controller has been implemented in abnormal grid
condition. The adaptation mechanism applied allows low PR controller gains until there is a
sudden change in the grid conditions. This means the error will appear eventually. If the error
is less than the set value which is 5%, the adaptation mechanism still used low PR controller
gains. If the error is higher than 5% and less than 8%, the adaptation mechanism will use
medium PR controller gains and the new parameters are applied. If the error is higher than 8%,
the adaptation mechanism will use larger PR controller gains and the new parameters are
applied as can be seen in table Table 6.1. Figure 6.3 shows a screenshot of the adaptive PR

controller in the Simulink.

Table 6.1 Adaptive PR controller simulation parameters

Parameter The proportional gain k,, | The integral gain k;

a-axis,  f-axis  current | 1 500

controllers (low)

o-axis, B-axis  current | 3 1000

controllers (medium)

a-axis,  f-axis  current | 6 1500

controllers (large)
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Figure 6.3 Screenshot of the adaptive PR controller

In order to test the controller dynamic performance under unbalanced conditions, three-phase
voltage sag, single phase voltage sag and two-phase voltage sag fault conditions are
investigated. Figure 6.4 and Figure 6.5 show the voltage and current waveform under voltage
sag 30% for all phases. By applying the adaptation mechanism based on the error at the starting
of the transient response, at a time of 0.15 sec, the k,, and k; are varied from their set values in
the look-up-table based on the error. The adaptation mechanism has been chosen the medium
control gains. It can be seen from Figure 6.4 that the voltage drops when a voltage sag happens
in the system at 0.1 sec until 0.15 sec. Figure 6.5 shows that the current has increased when the
sudden voltage occurs at 0.1 sec in order to balance the active power transfer from the PV

source.
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Figure 6.4 The voltage waveform with 30% voltage sag
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Figure 6.5 The current waveform with 30% voltage sag

Figure 6.6 and Figure 6.7 shows the stationary reference frame alpha and beta current
respectively for adaptive PR controller with medium controls gains. The adaptation mechanism
based on the error at the starting of the transient response, at a time of 0.15 sec, the k,, and k;
are varied from their set values in the look-up-table based on the error. As can be seen from the
figures, the measured current follows the reference current during steady state and transient
states and the result is satisfactory in both transient and steady-state. It can be noticed that the
when the control gains increased in the adaptive method, the settling time is reduced as well as
the error is reduced between the reference and measured alpha and beta current waveforms
compared to the conventional PR controller in Figure 5.26 and Figure 5.27, which illustrate the

error between the reference and the measured current is approximately 8%.
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Figure 6.6 The adaptive PR controller alpha current using medium gains
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Figure 6.7 The beta current waveform for adaptive PR controller using medium gains

Figure 6.8 shows the voltage waveform during unbalanced grid condition with 50% voltage
sag. Due to the clear unbalanced in phase a at 0.15 sec, the adaptation mechanism starting
control the system and choose high gains. Unlike the PI controller, only one PR controller is
needed to control the three-phase inverter under unbalanced grid condition. Here in the adaptive
PR controller, the current components in the positive-sequence components is applied based on
the adaptation mechanism as shown in Figure 6.9. As a result, it is observed that the current
waveform is not affected by faults in the voltage and the control will work as designed and not

distorted anymore.
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Figure 6.8 The single phase-to-ground voltage sags
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Figure 6.9 The three-phase current waveform under unbalanced voltage sags

ialpha ref
""""" ialpha
17 A #
0.5 b
3
g
£ of .
g
5
O
0.5 T
= -
15 | | I I 1 |
0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time (s)

Figure 6.10 The adaptive PR controller alpha current using medium gains
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Figure 6.11 The beta current waveform for adaptive PR controller using medium gains

To further validate the performance of the adaptive PR controller, another case was investigated
based on unbalanced two-phase voltage sag as shown in Figure 6.12. Before introducing the
adaptive PR controller, the current waveforms were distorted due to the unbalanced voltage and
the effect of the unbalanced is visible as shown Figure 6.13. However, the control system will
be significantly improving by obtaining the adaptive PR controller. The adaptive PR controller
is applied and the output current waveform is shown in Figure 6.14. The control gains, k,,
and k;were tuned depended on the error while observing the system response. The error over
the limit and the test was carried out using the high gains. It can, therefore, be determined that
the adaptive PR controller is able to achieve good performance during both balanced and

unbalanced voltage sags.
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Figure 6.13 The distorted current waveform under unbalanced line to line fault
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Figure 6.14 The three-phase current waveform under unbalanced conditions

Figure 6.15 and Figure 6.16 show the reference and measured alpha and beta current
respectively. It can be seen that the measured current follows the reference in both cases. It can
be concluded that the measured current follows the reference current even in unbalanced grid
conditions.
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Figure 6.15 The stationary reference frame alpha current
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Figure 6.16 The stationary reference frame beta current

6.4 Experimental Results of the Adaptive PR Controller

To validate the control technique for the system in the laboratory, as explained earlier in chapter
5, the system is scaled down and has been tested. The results were obtained under unbalanced
grid conditions such as the line to ground fault voltage sags and line-to-line voltage sags.
Table 6.2 shows the adaptive PR controller parameters. Note, the controller parameters were
adjusted depends on actual values of the adaptation mechanism of the PR controller. This
section is carried out in real-time under different faults conditions using different PR controller

gains according to the system response.

Table 6.2 Adaptive PR controller practical parameters k,, k;

Parameter The proportional gain k, The integral gain k;
a-axis, P-axis current controllers | 213 131

(low)

a-axis, B-axis current controllers | 231 219

(medium)

a-axis, B-axis current controllers | 236 324

(large)
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6.4.1 Line to ground fault voltage sags

The test is carried out in real-time by subjecting the system under different fault conditions
using different PR controller gains according to the system response to the error. Figure 6.17
shows the three-phase voltage with the unbalanced line to ground voltage sag in phase a by
20%. In this case, in order to ride through the unbalance fault of the voltage, the current injected
into the grid via adaptive PR controller with low PR controller gains since the error was under
5%. By applying an adaption control technique which has the auto-tuning of the control
parameters based on Table 6.2, the effectiveness of the controller is verified according to the
system response. The adaptive includes the positive sequence components based on balance

positive sequence control strategy to enhance the quality of the waveform.

Figure 6.18 shows the three-phase current waveform using an adaptive PR controller with low

gains. To test the effectiveness of the adaptive control with low gains, the step response is
applied. It should be noted that, the current waveform is smother and the control technique not
effected from the unbalanced in the grid. It can be shown that the adaptive controller is
compensating the voltage drops in phase a. By testing the total harmonic distortion in the
current waveform in Figure 6.19. The THD is 2.22% which is lower the conventional PR
controller in Figure 5.55 which is 3.25% and lower than the IEEE standard of 5%.
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Figure 6.17 Three-phase voltage with unbalance voltage sag in phase a by 20%
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Figure 6.18 Three-phase current waveform using adaptive PR controller
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Figure 6.19 The FFT of the current waveform

In the following figures, the control has been used with the adaptive mechanism when the
voltage sag has been reduced to 30%. In this case, due to the error is higher than the desired
values, the adaptive control applied medium gains from the look-up-table as can be seen in
Figure 6.20. Figure 6.21 shows the three-phase current waveform, the current waveform still is
balanced and achieves a good response. Figure 6.22 shows the overall total harmonic distortion
for the current waveform which is 2.03 %. It can be seen that the average THD is less than the

conventional PR controller in Figure 5.55 with a value 3.25% and the Pl controller in
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Figure 5.49 with value 3.95% which is a noticeable reduction although the current control is

using higher gains.

In addition, Figure 6.23 shows the reference and measured alpha and beta current waveforms
using the adaptive method with medium gains. It can be noticed that the when the control gains
increased in the adaptive method, the settling time is reduced as well as can reduce the error
between the reference and measured alpha and beta current waveforms compared to the

conventional PR controller in Figure 5.54.
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Figure 6.21 The three-phase current waveform with unbalance voltage sag in phase a by

using medium adaptive controls gains
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Figure 6.22 The FFT of the current waveform using medium adaptive controls gains
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Figure 6.23 The reference and measured alpha and beta current using medium gains of the

adaptive PR controller

Even if the unbalance is increased in the voltage waveform as shown in Figure 6.24, which
illustrates the unbalance three-phase voltage waveform with 50% voltage sag in phase a,
therefore the error will increase beyond the demands values. As a result, the control will detect
the control high gains. Figure 6.25 shows the three-phase current waveform, as can be seen,
the current waveform is balanced and a good response achieved. The total harmonic distortion

for the current waveform can be seen in Figure 6.26 which has a magnitude of 2.20%.
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Figure 6.24 Three-phase voltage with 50% unbalance voltage sag in phase a using higher

gains for the adaptive PR control
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Figure 6.25 The three-phase current waveform with 50% unbalance voltage sag in phase a
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Figure 6.26 The FFT current waveform using higher adaptive controls gains

6.4.2 Two Line to line fault voltage sags

The control system has also been tested during unbalanced grid conditions. In this case, two
line-to-line faults have been applied in phase b and c by diffrent voltage sags. This leads to a
higher voltage in phase a than in phases b and c, in the output of the voltage waveform, as can
be seen in Figure 6.27 which shows the unbalanced three voltage waveforms with line-to-line

faults.
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Figure 6.27 The unbalanced three-phase voltage with line to line voltage sags
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Figure 6.28 shows the three-phase current waveform with the line to line voltage sags using
low adaptive control gains. The adaptive control technique is still achieving sinusoidal output
current under unbalanced grid conditions as shown in Figure 6.28. Figure 6.29 shows the
reference and measured alpha and beta current waveforms using the adaptive method with low
gains. As illustrated, the measured current follows the reference in both controllers even in

unbalanced grid conditions.

In addition, Figure 6.30 show the effectiveness of the adaptive PR controller with step response.
The measured current follows the reference. Figure 6.31 shows the FFT analysis of the current
waveform, which indicates low harmonic distortion and effective compensation of the working
current with a value 1.93 %. It should be noted that the proposed controller has shown a
significant reduction of the THD compared with PI controller and PR controller. The THD is
3.25% when controlled via PR controller in Figure 5.55 and 3.95% when controlled by PI
controller in Figure 5.49. As a result, it can be said that the adaptive PR controller ride through
the abnormal grid conditions better than the PI controller and conventional PR controller and

the lower value of THD can be achieved.
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Figure 6.28 The three-phase current waveform with line to line voltage sags using low

control gains
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Figure 6.29 The reference and measured alpha and beta current using medium gains of the

adaptive PR controller
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Figure 6.30 The reference and measured alpha and beta current with step response
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Figure 6.31 The FFT of the current waveform two line-to-line faults

6.5 Chapter Summary

When the abnormal occurred in the gird, the implementation of the current controller cannot
match the rise in error, in turn, this lessens controller performance weakening. To get beyond
this concern, this chapter introduced the adaptive PR control techniques in the stationary
reference frame af rotating reference frame with angular frequency to control the current. A
Novel method for adaptive PR controller for abnormal conditions in the grid using a look-up
table. The adaptive controller will auto-tune the value of both the k, and k; on-line. The
adaptation mechanism applied allows low k,, and k; gains work until there is a sudden change
in the grid conditions. If the error is less than the set value which is 5%, the adaptation
mechanism still used low PR controller gains. However, if the error is higher than 5% and less
than 8%, the adaptation mechanism will use medium PR controller gains and the new
parameters are applied. If the error is higher than 8%, the adaptation mechanism will use larger

PR controller gains and the new parameters were applied.

The proposed control technique demonstrates good control of the waveform under balanced
and unbalanced grid conditions. The control techniques have been successfully implemented
and tested in both normal and abnormal grid conditions in the simulation and verified
experimentally. The results clearly show that the desired output current is well regulated, with
zero steady-state error. PR controller can implement harmonic compensator without changing

the dynamic response. The FFT analysis of the average total harmonic distortion analysis of the
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current waveform indicates are well within acceptable limits and show low harmonic distortion
and effective compensation and less over_shoot of the working current with lower values

compared with the conventional Pl and PR controllers.
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Chapter 7. Particle Swarm Optimization

7.1 Introduction

In this chapter, the proposed adaptive Particle Swarm Optimisation (PSQ) is presented to control
the three-phase grid connected inverter. PSO is a self-commissioning tuning process method
which tunes the parameters of the controllers to manage different normal and abnormal
conditions and the transitions among them. Pl and PR controllers have been widely used for
speed and position control in many various applications. PSO is the powerful technique for

solving a problem and can increase the performance of the system.

Compared to GA and ANN, PSO can operate much more easily and faster to optimize and
making it well suited for real-time control applications which experience time-varying
disturbances. Moreover, it is a stable optimization method that is relatively easy to implement,

because there are few parameters to adjust and it does not impose a significant computational.

7.2 Particle Swarm Optimization

Particle Swarm Optimisation (PSO) is a mathematical method that generates a specific
implementation of an iterative optimisation technique which is stimulated by the conduct of a
swarm of birds, fish or bees moving in the search space at a random velocity [126]. It has been
used in many applications such as industry, electronic, digital communication and control
systems to give an optimal optimization solution. Since then, many modifications have been
made in PSO. Shi and Elbert proposed a new scheme by adding a new parameter called inertia
weight to achieve higher performance. The inertia weight w which is linearly decreasing during
iteration in addition to another common type of PSO [152, 153]. PSO is initialized with a society
of particles where all particles are located at random positions and each particle represents a
potential solution to a problem and adjusts its own “flying experience” in a particular defined
boundary space. The concept of PSO has been represented by the theory of the position and the
velocity of the particles. Basically, each particle is represented by a position particle index
vector; X' = [xiq1, X2, Xi3 - Xin]and velocity vector; V* = [v1, Vi, ... Vin], Where i is the
particle number, and n= (1,2,3, ..., N) is the iteration number. The particles initial velocity and

position are updated using the following equations:

146



Chapter 7: Particle Swarm Optimization

VR = w. V2 + cp.rand( )'(X;)lbest — X{;) 7.1
+ c,.rand( ).(ngest— X{fi)

XPh = Xig + Vg™ (7.2)

Here, in every iteration, the best recorded previous position vector is defined as, X3, whilst

the best particle amongst all particles is referred to as the best recorded global position vector,

Xgbest- Als0, ¢, and c,are acceleration constants, rand( )is a random value between 0 and 1,

and w is an inertia weight used to balance between ‘global” and ‘local’ search capabilities.

The flowchart of the optimization process of the PSO algorithm is shown in Figure 7.1. Initially,
the position and the velocity of the particles are initialised. After that, the iterative optimization
process begins, and the position and the velocity of the particles are updated every iteration.
The movement of each particle within the search space is calculated according to a given
performance function that assesses the fitness of the particle. The position of each particle can
be changed based on its own local best P,.s; and the global best of the full swarm
population Gp.s:. The process continues until the predefined number of iterations is met. The
process is also terminated when predefined stopping criteria are satisfied or no significant

improvement is achieved over a number of iterations.
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Figure 7.1 Particle Swarm Optimisation flowchart (PSO)

7.3 Proposed Control Parameters Optimization Scheme Using
PSO

The selection of current control strategy has a large impact on the dynamic response, accuracy,
steady-state error and robustness of the system. In this work, real-time optimization of a
cascaded control system, the voltage control includes two PI controllers; one for the DC link
voltage control and the other for grid voltage control. The measured voltages are compared with

the desired output voltage vge(res) in the DC voltage control and vy ,..r) in the grid voltage

control. As such, the outputs of the voltage controller serve as the current references for the d-
g current control. The three-phase grid current is transformed to the reference frame and fed to
the appropriate controller. The current control structure is based on Pl or PR current control.

Figure 7.2 shows the PSO in the synchronous reference frame using a Pl controller.
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Figure 7.2 PSO optimization in the synchronous reference frame

In addition, PSO can be applied in the stationary reference frame using PR controller as shown
in Figure 7.3. In both cases, the PSO algorithm is employed for self-tuning the control
parameters by using the integral time absolute error (ITAE) as a cost function. The optimum
solution is determined by the cost function calculation. The most commonly utilized cost
functions are integral based such as the ITAE, integral of squared error (ISE) and integral of
time multiplied by squared error (ITSE) [135], [136]. In this thesis, the ITAE is used.

TEA = J 1 t\e(t) dt (7.3)
0
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where e(t) is the difference between the reference and actual values. The cost function is
minimised using equations (7.1) and (7.2) throughout the optimisation process. The block

diagram of the optimization process is shown in Figure 7.4.
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Figure 7.3 Optimization in the stationary reference frame using PR controller
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Figure 7.4 General structure of the PSO optimization algorithm

Ultimately, each particle has a candidate solution for the Pl or PR controller parameters K,

and K;.

7.4 Simulation Results of Using PSO Method

In this section, stochastic optimization control method using Particle Swarm Optimisation
(PSO) is employed to select the optimal values of the controller gains. The PSO is based on a
specific implementation of an iterative optimisation technique inspired by animal swarm

behaviour.

During the optimization process, the control parameters of the three-phase grid-connected
inverter are updated every iteration. Figure 7.5 and Figure 7.6 show the three-phase grid voltage
and current waveforms respectively suing PSO optimization in the synchronous reference frame
which based on PI control method. In order to analyse the inverter performance during abnormal
grid condition such as the three-phase voltage sags, the system is designed accurately throughout
the entire voltage sag event of 75% over a 0.1 to 0.15 second period. Figure 7.5 and Figure 7.6
show that PSO based control parameter tuning produces high-quality output grid voltage and

current waveforms with low ripple and harmonic content.
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Voltage V)

Current (A)

Figure 7.7 and Figure 7.8 show, respectively, the waveforms of ig and iq current components
when the PI controller is employed in the synchronous reference frame using PSO. During the
abnormal conditions, there is an increase in the magnitude of the current. This is because the
same amount of active power has to flow from the PV array to the grid before and during the

voltage sag.
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Figure 7.5 The three-phase voltage waveform using PSO
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Figure 7.6 The three-phase current waveform Using PSO

Therefore, when the voltage decreases, the current has to increase to maintain the

flow of active power.
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In summary, the measured current follows the reference current accurately throughout the entire

voltage sag event. Note that PSO tuning method achieves fast dynamic response and short

settling time compared with the conventional method of tuning PI controller in Figure 5.13 and
Figure 5.14.
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Figure 7.7 The reference and measured ig current using PSO
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Figure 7.8 The reference and measured iq current using PSO

Similarly, the PSO method is also used in tuning the controller parameters of the PR controller.

Figure 7.9 and Figure 7.10 show, respectively, i, and iz current waveforms when PSO is used to

tune the parameters of PR controller in the stationary reference frame. As shown, the measured

current precisely tracks the reference current.
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7.4.1 Simulation Results of Using PSO under Unbalanced Grid Conditions

In order to test the controller dynamic performance of the control technique under unbalanced
conditions,

frame under unbalanced grid condition as shown in Figure 7.11 where a line to ground fault

Particle Swarm Optimization
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Figure 7.9 The reference and measured i-alpha using PSO
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Figure 7.10 The reference and measured i-beta using PSO

the principle of the PSO has been applied in PR controller in the stationary reference

voltage sag is applied in the system.
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Figure 7.11 The unbalanced voltage waveform

It was observed in Figure 7.12 that the current waveform is not affected by the fault of the
voltage and the injected current to the grid is balanced and is not distorted as shown control will

work as desired.
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Figure 7.12 The three-phase current waveform

Figure 7.13 and Figure 7.14 show, respectively, i, and iz current waveforms. The measured
current in the stationary reference frame alpha and beta follow the reference current effectively

as shown in the figures. The result is satisfactory in both figures.
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Figure 7.13 The reference and measured i_alpha under unbalance condition
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Figure 7.14 The reference and measured i_beta under unbalance condition

Here, in every iteration, the position and the velocity of the particles are initialised. The best
recorded previous position vector is defined based on the control parameters kp and ki. The
process continues until the predefined number of iterations is met. The following Table 7.1 gives
the update regarding the control parameters in every iteration. The process is also terminated

when predefined stopping criteria are satisfied or no significant improvement is achieved over a
number of iterations.
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Table 7.1 Iteration numbers the control parameters

No of iteration Kp Ki

1 7.812 999.9734
2 7.756 999.965
3 7.361 999.944
4 6.4813 999.8632
5 6.4123 999.8630
6 6.4120 999.7256
7 6.210 999.7112
8 5.4918 999.5735
9 5.4813 999.3682
10 5.4813 999.1632

Figure 7.15 shows the convergence error curve where the integral absolute error signal has been
reduced to almost zero after few iterations when PSO is used in PR controller in the stationary
reference frame. Figure 7.16 shows the FFT of the current waveform shows a very low THD of
0.59% when PSO is employed to tune the parameters of PR controller in the stationary reference
frame. The ripple of the waveform is very small compared with the fundamental frequency. The
FFT analysis of the measured current shows much lower THD value of 0.59% whilst 1.7% and

2.01% THDs are obtained with conventional PR controller and PI controller, respectively

Error

5 10 15
Number of steps

Figure 7.15 The error convergence curve
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Figure 7.16 The FFT of the phase current waveform using PSO

7.5 Chapter Summary

In this chapter, the control parameter optimization of a three-phase grid-connected inverter
using PSO is presented. When tuned with PSO, the controller demonstrates stability over a wide
range of operating conditions and shows a fast dynamic response and good steady-state
performance compared with the conventional method of tuning Pl and PR controller. The
effectiveness of the proposed optimization method using PSO is demonstrated by simulation
results of a three-phase grid-connected inverter during normal and abnormal grid conditions.
The proposed method can be employed without significantly increasing system complexity and
cost and does not require any additional hardware. However, due to the time limitation, the
proposed method not yet implemented in the laboratory and worth investigating in the future

study.
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8.1 Introduction

It is likely that the aggressive use of non—renewable resources has produced major issues such
as the production of more pollution and greenhouse gas emissions. From this point, researchers
have encouraged organizations to use alternative renewable sources such as photovoltaic and

the wind turbine to generate clean energy.

Photovoltaic, widely abbreviated as solar PV, is a fast growing element of renewable the
market. PV generates DC voltage into appropriate AC voltage for the utility grid via three-
phase grid-connected PV inverter. Three-phase grid-connected PV inverter is connected to the
grid filter to reduce the harmonics inserted into the utility grid. It is aiming to inject the
sinusoidal current intto the utility grid and to be able to deal with any abnormal conditions that

occur in the grid and causes the disturbances through the electric power system.

Thus, these disturbances can be caused in the utility grid by short circuit faults like the line to
ground fault, voltage sags, voltage swell and injected harmonics. This thesis investigated in
detail the influence of the present control scheme of a three-phase grid-connected inverter given

both normal and abnormal grid conditions.

8.2 Conclusion

There are two critical issues in the control of the three-phase inverter connected to the grid
during abnormal condition. Firstly, grid synchronization is required to be more accurate and
should be able to deal with any current controller in the grid-connected inverter. Moreover, this
controller also needs to work perfectly with the symmetrical components of the grid voltage
when the system is unbalanced and proper control of the sequences of both positive and

negative current components injected to the grid is required.

Secondly, depending on the desired performance of the three-phase grid-connected inverter, the
reference current generated by the current controller during abnormal conditions has three status
levels: balanced, unbalanced or distorted and can cause undesired overcurrent tripping.

Although there are many techniques used to control the three-phase grid-connected inverters,

159



Chapter 8: Conclusion and Future work

most of the stake on the same structures which should be taken into account during normal and

abnormal conditions.

In the three-phase grid-connected inverter, current control can be implemented in various ways.
The Proportional Integral current control in the synchronous rotating reference frame dq and
Proportional Resonance current control the stationary reference frame o/ are the most current
control techniques. The implementation of the industrially accepted PI controller, along with
the developing PR controller; accepted in grid-connected renewable energy applications, has
injected the current under abnormal conditions under any circumstance such as grid fault, where
the grid current varies from the normal operating case. Thus, the current control techniques
based on the most suitable strategies that could achieve better results during normal and
abnormal conditions in the thesis are: positive and negative sequence control (PNSC) and
balance positive sequence control (BPSC).

This thesis delivers a straightforward method that decomposes the voltage and current, placing
them into respective positive and negative sequence components that in turn are based on
adaptive delayed filters with one-quarter period deferral. This filter presented in regard to the
adaptive control strategy performance, producing good power quality (unity power factor and
low THD performance) it can only be confirmed through imitation and results based on

experimentation.

In keeping with the claims of other studies, simulation and practical studies have confirmed that

the PR controller shows better performance under normal operating conditions.

The PI current controller indicates good performance and is easy to control. However, it results
in a steady state error which cannot be eliminated when used with sinusoidal references. On the
other hand, the PR controller has the capability to eradicate steady-state error by offering extra

gain at the particular resonant frequency of the controlled signal

The PI controller has lowly functioning connected to cross-coupling between d and q
components of grid current and needs decoupling term between the d and q coordinators and
the voltage feedforward. However, the PR controller is used in the stationary reference frame
a-B coordinates are not cross-coupled and consequently, no decoupling is required. In terms of
the required processing and memory resources, the PI current controller requires additional

mathematical transformation from the stationary reference frame to synchronous reference
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frame. However, with the PR current control Park’s transformation is not needed and hence the

complexity of the control is reduced.

On the other hand, PR controller has the capability to implement harmonic compensator (HC)
in parallel with PR controller without effect the dynamic response of the system and increase

the quality of the quality of the control.

As well as under normal grid conditions, the current controller should be designed to operate
under abnormal grid condition such as short circuit faults, voltage sags, voltage swell. These
faults can be produced by abnormal situations in the grid such as direct starting of large motors,
transformer energizing and capacitor bank charging. During this abnormality, one or more of
phase voltage is reduced or increased than the nominal level at the point of common coupling
(PCC) and causes unbalanced voltage waveform. The unbalanced voltage could be: single
phase to ground faults, two-phase to phase to ground fault and unbalanced three-phase to
ground faults. Therefore, unbalance grid conditions have the most significant impact in terms
of increased current harmonics and ripple in the output power leading to the reductions in power

quality.

To deal with these issues, the current control must be stable as during normal conditions. Under
abnormal operating conditions, a method of the decomposing the voltage and current into its
positive and negative sequence components is usually used. The PI current controller needs to
control both the positive and negative voltage sequence while with the PR controller just the

positive voltage sequence is required reducing the control complexity.

Under abnormal grid conditions, the controlled signal instigating substantial divergence from
its nominal value. The implementation of the orthodox controller cannot remain in line with the
rise in the error accordingly weakening which weakens controller performance. To get beyond
this concern, this shows an enhancement in present-day control using a novel adaptive PR
controller. The adaptive PR control techniques have been used in the stationary reference frame
to control the current. The control techniques have been successfully implemented and tested
in both balanced and unbalanced grid conditions in the simulation and verified experimentally.

The online adaptation is based on a look-up table which is used to update the controller gains.

The proposed control technique is able to provide truncated total harmonic distortion THD in
the injected current even during the occurrence of abnormal grid conditions compared with Pl

and PR controllers. The FFT analysis of the measured current shows much lower THD value

161



Chapter 8: Conclusion and Future work

of 1.93% whilst 3.25% and 3.95% THDs are obtained with conventional PR controller and Pl
controller, respectively. The proposed method also achieves lower overshoot and settling time
as well as smaller steady-state error. Overall, it can be suggested that the adaptive PR controller
can provide an enhanced output power regulation, thus is better equipped with the result of grid

faults, or procedure in weak grid environments.

Despite the fact that both Pl and PR controllers are relatively straightforward to tune, and are
sometimes capable of dealing with many time-varying conditions, most disturbances associated
with grid-connected inverter technology, such as (grid voltage dip or changes in network
impedance) are significantly more challenging and depends on the designer to obtain the best

performance.

This research also presented an adaptive controller tuned using PSO is presented to optimize
the parameters of both Pl and PR controllers for the three-phase grid-connected inverter.
Particle Swarm Optimisation is a self-commissioning tuning process method which tunes the
parameters of the controllers to manage different normal and abnormal conditions and the
transitions among them. PSO can operate easily and fast to optimize and is well suited for real-
time control applications which experience time-varying disturbances. It is a stable
optimization method that is relatively easy to implement because there are few parameters to
adjust and it does not impose a significant computational. PSO is a powerful technique for

solving a problem and can enhance the performance of the system.

When tuned with PSO, the controller demonstrated constancy over an expansive range of
operating situations and showed a fast dynamic response and good steady-state performance
compared with conventional methods of tuning PI controller and PR controller. The
effectiveness of the proposed optimization method using PSO is demonstrated by simulation
results of a three-phase grid-connected inverter. The results showed that with PSO parameter
tuning, the current THD is reduced to 0.59% compared to 1.77% when parameters are tuned
with trial and error. The proposed method can be employed without significantly increasing

system complexity and cost and does not require any additional hardware.

8.3 Future Work

This research has investigated the performance of the current control techniques on the three-
phase grid-connected inverter. Although a comprehensive investigation of the impact abnormal

grid conditions, further investigation to take into account the load resistance in the control
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scheme is considered to be worthwhile. Therefore, in continuation of this research, the

following areas might be of interest for further work:

» A method of advanced optimization control techniques to control the three-phase grid-
connected application in practical work such as PSO and GA.

» PSO can be integrated

» The optimization of reactive power sharing control strategies with active power control.

» In unbalanced conditions, the voltage control with reactive power compensation. The
other option can be carried out to apply STATCOM system, therefore, bus voltage will

be balanced.
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Appendix A

A.l Introduction

This appendix contains details descriptions of the equations used in the thesis. In a complex
three-phase system, it is easier and useful to convert the three-phase components voltage and
current into two-phase components. Clark’s and Park’s transformation employed to simplify
the space vector. This appendix is also mention for the LCL-filter used. In addition, the principle

of the current control of grid-connected inverter is also addressed.

A.2 Clark and Park Transformation

Clark transformation is converting the three-phase AC quantities v, and iy, nature

coordinates components to the stationary reference frame two-phase AC quantities v,z and

Lo COMponents. The following expression can be used to calculate v,z and i,z components:
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where v, and vy are the stationary reference frame voltage; v,, v, and v, are three-phase
voltages; where i, and iz are the stationary reference frame current; i, i}, and i, are three-phase

currents.
Park Transformation

Park transformation is converting the two-phase v,z and i,z coordinates components to the
synchronous reference frame two-phase vy, and iy, components. The d axes component
describe the real part and g component describe the imaginary part. The following

transformations in (A.3) and (A.4) can be used to calculate v, and iz,components:
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where v, and v, are the synchronous reference frame voltagev, and vy are the stationary
reference frame voltage; iy and i, are the synchronous reference frame current, i, and ig are the
stationary reference frame current, @is the rotating angle. Figure A.1 shows the Clark and Park

transformation reference frame.

Figure A.1 Clark and Park transformation reference frame. a) three-phase reference frame
b) stationary reference frame c) synchronous reference frame

Inverse Park transformation:

The voltage and current rotating synchronous reference frames are converted into orthogonal

stationary reference frames using inverse Park transformation in the following expressions:

Val _ [cos@® —sinB][Va

[vﬂ_ B [sinH cos 6 ] _Vq] (A.5)
lg] _ [cosf® —sinB][ia

[iﬁ_ B [sin6 cos 6 _iq] (A.6)

Inverse Clark transformation:

The voltage and current in the orthogonal stationary reference frames are transformed into three-

phase reference frames using inverse Clark transformation in the following expressions:
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The previous state expressions using Park’s transformation can be used in the design of LCL

filter.

A.3 LCL Filter Mathematical Model:

The LCL-filter in the Figure A.2 can be described in the following matrix expression based on

rotating frames d axis and g axis at rotating speed w

Va2,
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Figure A.2 Three-phase grid-connected inverter
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where v, is the DC voltage, v.sand v, is the capacitor in the synchronous reference frame; i,
and i, are the synchronous reference frame current; iy, and iy, are the grid current in the
synchronous reference frame; w is the rotating angle where w = 2rf and f is the fundamental

frequency, R, and R, + R, are the filter resistors, L; and L, are the filter inductors.

Note that, d axis and q axis rotating frames are decoupled together due to cross-couplings terms.

A.3 Current Control of Grid-connected Inverter

To understand the principle of current control three-phase grid-connected inverter, consider the
single-phase equivalent circuit of a grid-connected inverter in Figure A.3. The inverter is

connected to the grid through a simple L filter.
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Figure A.3 Single-phase equivalent circuit of a grid-connected inverter

From the circuit in Figure A.3, we obtain the following equations.

V.=V, +V, (A.10)
Vie =V, +IR + jw IL (A.12)

where v, is the inverter output voltage, v, is the grid voltage, | is the current injected to the

grid, Rand L are the resistance and the inductance, respectively, of the filter, and @ is the

angular frequency of the grid voltage.

The quantities in equation (A.12) can be represented in the phasor diagram of Figure A.4

Figure A4 Phasor diagram of grid-connected inverter

The grid voltage is considered to be constant, while the inverter output voltage can be controlled
by varying the modulation index of the inverter. It is desired to control the current being injected
to the grid. This can be done by changing the inverter output voltage, through the modulation

index of the inverter, assuming a constant DC link voltage. All current control techniques are
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based on the fact that the current injected into the grid, or supplied to the load can be controlled

by varying the modulation index of the inverter and hence the inverter output voltage.

The inverter output voltage is related to the DC link voltage by the equation below.
— 1%
7. =m % (A.13)

where m is the modulation index of the inverter, and v, is the DC link voltage.
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Appendix B

B.1 Introduction

This appendix contains a detail description of the hardware equipment used for the three-phase

grid-connected inverter.

B.2 Isolation and Varic Transformers

Since the project concerns a three-phase grid-connected inverter, it has been connected to the
grid via a 450 V mains supply in the experimental study. In this case, a supply variac
transformer and isolation transformer are interfaced between the grid and the rig as shown in

Figure B.1 and Figure B.2.

/ I
_‘ee SINGLE-PHASE VARIABLE
* AUTO-TRANSFORMERS ©
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=

Figure B.1 Three phase variac transformer
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Figure B.2 Three phase isolation transformer

The three-phase variac transformer is used in order to effectively regulate the voltage from the
mains supply to the experimental grid-connected PV inverter system. In addition, it allows the
DC link voltage to be used at low values instead of using the conversion ratio between DC/AC
applications. However, the variac is a non-isolated transformer which has no protection from
any feedback of the DC current into the mains supply. Thus, to overcome this issue, an isolation
transformer is connected between the grid’s mains supply and the variac transformer. The

connection is A-Y as shown in

In addition, Figure B.3 shows the LCL filter connected the rig. An LCL filter has been used in
the experiment to smoothe the output waveform from the AC side of the inverter and thus

reduce the harmonic of the switching frequency.

Two three-phase inductances are tapped to five different readings in order to test the effect of
various values of inductances. TheL,, tapped from 0.3mh to 0.8mh andL,, tapped from
0.1mh to 0.3mh with a rating current of 15A. Different values of inductances and
capacitances have been tested and the most suitable values chosen for a 10 KHz switching

frequency.
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Figure B.3 LCL filter experimental module connected to the rig

B.3 Three-phase Inverter

The module of the three-phase inverter is shown in Figure B.4. The module consists of two-
input series DC source that provides DC link source from the DC power supply which is part
of the experimental rig as shown in Figure B.5. The inverter has six transistor switches
incorporated with freewheeling diodes. The first type of switches to be used the MOSFET
IRFP140PBF which have low switching losses. However, this can only work in low voltage
applications. Therefore, IGBT-IRG4PH50UDPBF was chosen for high-voltage DC purposes.
2700uF two capacitors are connected in parallel across the DC link. This type of capacitor
allows the voltage to go as high as 250V. The output of the three-phase inverter is connected to
the gate drive, as shown Figure B.1. The gate drive is employed to provide the link between the

control board and the inverter board and apply PWM switching signal to the inverter switches.
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Figure B.5 The DC power supply
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Figure B.7 Control ladder diagram
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B.4 Digital Signal Processor

Digital signal processor (DSP) is a software card for TMS320F2833x series of floating-point.
This eZdsp kit includes a 12-bit analogue digital converter (ADC) with 16 input channels to
allow data transfer for communication. This card has 128Kx16 asynchronous SRAM, which is

supported to the Code Composer Studio® Integrated Development.

B.5 Analog-to-Digital Converter

In power electronics, Analog-to-digital converter (ADC) is used to convert analogue signals
such as the voltage signal into digital signal. ADC has employed 16 converting channels built-
in which has 12-bit ADC core that sample-and-hold acquired.

B.6 Current Sensor

The current sensor is very important part of the three-phase grid-connected inverter in order to
measure and control the current with the varying weak grid. Figure B.7 shows the schematics
of the current sensor. It is important for the safety and protection of the power electronics rig
from over current and any fault that occurs. In industry, there are many types of current sensors.
One of these current sensors is CAS15-NP. This type of the current sensor has many features.
It designed to work up to 50 A, and has a very low-temperature coefficient of offset. It has a
galvanic isolation and it has high flexibility with reliability. It can work with different

applications.
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Figure B.7 Schematics of current sensor

B.8 Voltage Sensor

The grid voltage is measured using the AD215AY isolated voltage sensors which used to sense
the output voltage and measure the voltage at the point of common coupling and the phase-
locked loop angle. This type of voltage sensor has a galvanic isolation between output and input
of the device and an auxiliary circuit. This type of the voltage sensor has high accuracy and is
designed to work up to 750V RMS. It consists of rated power supply in a range of + 15 VDC
voltage.

B.9 LabVIEW

LabVIEW is powerful interface software program from National Instrument® company used
for many purposes such as grid-connected applications. It is used here to monitor and control
the real-time application. Figure B.8 shows the screenshot of LabVIEW used in this
experimental. The LabVIEW program can interface to eZdsp via RS232 from the computer. It
is used here to update the current demand and DC voltage as well as EX-time. LabVIEW

divided the project into two interface panel, the front panel and block diagram panel.
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Figure B.8 Screenshot of LabVIEW

B.10 Experimental Result RL Load

The three-phase inverter has been verified experimentally with RL load. The experimental test
rig was firstly tested with the open loop with different values of DC voltage. In this system,
the DC-link voltage is kept constant using the DC power supply. In order to reduce the

controller error in the three-phase inverter, a phasor diagram is essential.

To validate the control technique for the system in the laboratory, the system is scaled down
and has been tested, using an RL load. The three-phases resistors R, Ry, R, and the three-
phases inductance L, L;, L. are varied in order to test them in balanced and unbalanced load.
The values have been chosen asR, =10Q, R, =10Q and R, = 10 Q and the inductance
values are L, = 0.881mH, L, = 0.881mh and L. = 0.881mh.

In the adaptive PR controllers, the current reference i*is generated in the digital controller as a
sine wave oscillating at a certain frequency. Thereafter, the signal is compared in an oscilloscope
with the actual measured current value. The system has been tested first using stand-alone
resistive and inductance (RL) load in different conditions, at steady-state and with sudden step
responses. Different values of resistive load have been tested to check the control system’s

response. In the following, the resistive load is 1 Q and the control technique work effectively.
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Figure B.11 The three-phase current with grid voltage waveform
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Figure B.12 The three-phase current waveform with step response stand alone
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Appendix C

C.1 Introduction

This appendix explains the decomposition of the positive and negative sequence. To make the
decomposition easier, the system is decomposed in the orthogonal two-phase a-$ plane. In order
to extract and separate the positive and negative sequence components with a phase shift of 90°.
An adaptive low-pass filter based on the delay time cancellation method is used in order to detect
and reduce any variation in the input frequency. The proposed technique detects an unbalanced
voltage, comprising of positive and negative sequences and express these in the stationary

reference frame.

C.2 The Method of Decomposition of the Voltage

The method of decomposition of the voltage sequence has been tested experimentally in the
laboratory for different unbalanced conditions based on a line-to-ground fault or a line-to-line
fault. Figure C.1 shows the three-phase voltage signals. There is a 120° phase shift between

phases a, b, and c.
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Figure C.1 The three-phase voltage waveform

Figure C.2 shows the positive and negative voltage sequence of the two-phase components. The

positive voltage alpha (v;) is shown in (dark blue) and the positive voltage beta (vgf) is shown

in (red) whereas the negative sequence voltage alpha (v, ) is shown in (light blue) and the
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negative voltage beta (v;) is shown in (green). Figure C.3 shows the unbalance happened in
the voltage phase signal when the voltage has been dropped in phase a by 50%. Figure C.4
shows the decomposition of the positive and negative sequence when the voltage dropped by

25%. is shown the unbalance in the phases when the voltage dropped by 15%.
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Figure C.2 The positive and the negative voltage sequences with voltage drop in phase a by
50%
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Figure C.3 The positive and the negative voltage sequences with voltage drop in phase a by
25%
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Figure C.4 The positive and the negative voltage sequences with voltage drop in phase a by
15%

Figure C.5 shows the positive voltage sequence angle (in dark blue) and negative voltage
sequence angle (in light blue) for two-phase signals. Figure C.5 illustrate the angles when the
voltage dropped by 50%. Figure C.6 shows the angles when unbalanced occurred by 25% of
phase a voltage. Figure C.7 shows the result when the voltage reduced by 15% in phase a. It
can be noticed that these results are achieved even if the negative sequence is small. However,
when the voltage negative sequence becomes very small it is hard to find the negative angle

and tuning the phase angle as can be seen in Figure C.8

Naise Filter Off

Tek Stop

... . [WOms 50w o0y ESI
S00MY ]+ﬂ¢n—152.a° 545 |

Figure C.5 The positive and the negative sequence angles detection when the voltage drop
in phase a 50%
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Figure C.6 The positive and the negative sequence angle detection when the voltage drop

in phase a by 25%
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Figure C.7 The positive and the negative voltage sequences with voltage drop in phase a by
15%
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Figure C.8 The negative sequence voltage and the angle detection when the voltage drops

in phase a by 10%
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