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Abstract

Distributed Generation (DG) provides an alternative to the Centralized Generation (CG)
by means of generating electricity near to the end user of power with the employment of
small-scale technologies to produce electricity, mainly using Renewable Energy Sources
(RES). The prospects of renewable energy integration during the next years are still very
optimistic. In fact, RES has become one of the most cost-competitive options for energy
generation. Power electronic converter technology enables flexible interconnection
between renewable energy generation systems and the electrical network. Therefore, power
converters and their control systems play an important role in the grid integration of
renewable energy systems like wind turbines and photovoltaic installations. With a
stochastic behavior and inconsistency of the RES, it is difficult to guarantee power
balancing in the system, hence the power electronics-based converters should have a
specific functionality to make them compatible with the synchronous power systems
dominated in most traditional power systems. Extensive research has been done and
different control algorithms have been introduced with the purpose to improve the power
quality in the distributed generation system.

This PhD dissertation is made to provide an alternative control framework for the grid
connected power converter by adopting the virtual flux concept in the control layer. This
dissertation can be divided into three main topics. The Ist topic presents the voltage
sensorless control system for the grid-connected power converter. The control system
presented is done without depending on AC-voltage measurement where the grid
synchronization is based on the Virtual Flux (VF) estimation. In this regard, the Frequency
Locked Loop (FLL) is used in conjunction with the estimation scheme to make the system
fully adaptive to the frequency changes. This voltage sensorless application is useful for
reducing cost and complexity of the control hardware. It is also can be utilized in case of
limited reliability or availability of voltage measurements at the intended point of
synchronization to the grid. Considering that most previous studies are based on the VF
estimation for the case of power converter connected to the grid through the L-filter or LC-
filter, this dissertation is focused on the power converter connected to the grid through the
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LCL filter. The Proportional Resonant (PR) current controller is adopted in the inner loop
control of the power electronics-based converter to test the performance of such system.

Another control method based on VF synchronization that permits to control the active
and reactive power delivery in a remote point of the grid is also presented in this
dissertation. This is due to the fact that the VF is implemented that the voltage in a remote
point of the line can be estimated. As it will be shown in simulations and experiments, the
proposed control scheme provides a good tracking and dynamic performance under step
changes in the reference power. The fast synchronization and the smooth reference tracking
achieved in transient conditions have demonstrated the effectiveness of the Dual Second
Order Generalized Integrator controlled as Quadrature Signal Generator (DSOGI-QSG)
and also the current controller used in the proposed system. In addition to the power control
itself, this study could also benefit the frequency and the voltage regulation methods in
distributed generation applications as for instance in microgrid.

Considering the fact that the grid connected power converter can be controlled as a
virtual synchronous generator where the flux is a variable to be used for controlling its
operation, this dissertation also presents a Virtual Synchronous Flux Controller (VSFC) as
a new control framework of the grid connected power converter. In this regard, a new
control strategy in the inner loop control of the power converter will be proposed. The main
components of the outer loop control of VSFC are based on the active and reactive power
control. The results presented show that the VSFC works well to control the active and
reactive power without considering any synchronization system. The inner loop control is
able to work as it is required, and the measurement flux is able to track the reference flux
without any significant delays.

All the work presented in this dissertation are supported by mathematical and
simulation analysis. In order to endorse the conclusions achieved, a complete experimental
validations have been conducted before wrapping this dissertation with a conclusion and
recommendation for future enhancement of the control strategies that have been presented.
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CHAPTER

1.

Introduction

starts with an explanation of the research background that also emphasized the

transition of global power generation from the conventional resources to the

renewable energy resources that includes the forecast of renewable energy
penetration. The chapter continues with the research motivation and highlights the issues and
problems in the research area. The dissertation is not complete without the research
objectives indicating the solution and method that aims to solve the problems that has been
highlighted. Chapter 1 will be continued with the scope of work, research question, research
contributions and outlined of the dissertation before concluding the chapter with a list of
publications.

T his chapter provides a depth understanding of the research topic area. The chapter

1.1. Background

Synchronous generations have been used for a very long time to produce electricity by
means of utilizing the synchronous generators. The electricity generated by these plants is
radially transmitted long distances. Due to the long transmission distances, the current
generation faced a low efficiency as the generation of electrical power is dependent on limited
resources, hence highly contributed to the negative impact of emissions on the environment.

The progression of renewable energy in the early 2000s has change the energy scenario.
In the last ten years, the global perceptions on renewable energy have shifted considerably
from the conventional to the rapid deployment of many renewable energy technologies [1].
The recent attentiveness on the renewable distributed energy generation has been motivated
by the necessity to reduce the high environmental impact of fossil fuel-based energy system.
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Based on the figure shown in Fig. 1.1, the renewable energy increase steadily in global energy
demand with the capacity data begin in the year of 2004 until 2013. It is clearly seen that the
hydropower leads the total installed capacity followed by the wind energy systems and solar
photovoltaic.

Total Installed Capacity 2004 | 2005 @ 2006 2007 2008 @ 2009 2010 2011 2012 2013
Solar Photovoltaic GW 2.6 il 46 76 135 21 40 71 100 139
Concentrating Solar Power GW 0.4 0.4 0.4 0.4 0.5 0.7 1.1 1.6 2.5 34

E Wind Power GwW 48 59 74 94 121 159 198 238 283 318

m Bio Power GW 39 41 43 45 46 51 70 74 78 88

@ Geothermal Power GW 89 9.8 10 10.4 10.7 11 11.2 114 11.7 12

Hydro Power GW 715 - - 920 950 980 935 960 990 1,000

Fig. 1.1. Total installed capacity of renewable energy technologies from 2004 until 2013 [1] .

The updated info provided in [2] shows the renewable energy transition from 2012 to 2018.
Based on the graph shown in Fig. 1.2, solar PV, wind power and hydropower are the leading
technologies in the renewable energy platform with a higher total additions since 2012. The
graph also shown that the renewable energy still shows a good progression in 2018 with a
total addition of 181GW.

Additions by technology (Gigawatts) Addedin2018  Total additions (Gigawatts)
120 181 Gigawatts — 200
Solar PV EE Wind power

100 — ™M Hydropower Bio-power, geothermal,
ocean power, CSP

=== Total renewable
power

150

60

40 I | | | | |

2012 2013 2014 2015 2016 2017 2018

100

n
(=3

Fig. 1.2. Total additions of renewable energy by technology from 2012 until 2018 [2].

In line with an abrupt cost reduction and supported by the policy as well as the advancement
in digital technologies, the renewables energy sector is expected to rapidly developed [3]. Fig.
1.3 shows the cost in solar and wind power systems are expected to drop until 2030.
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Fig. 1.3. Cost reduction in renewable energy from 2018 to 2030 [3].

However, in the year of 2020, the world has been shocked with the Covid-19 pandemic that
has significantly affected all aspect of life. In this regards, this pandemic caused an
extraordinary global economic impact that includes the negative impact on renewables energy
sector and social predicament. As most countries faced lockdown situation, the construction
of energy facilities and infrastructure have been delayed or stopped [4]. Fig. 1.4 shows the net
capacity addition and forecast to 2025 [5], according to the International Energy Agency
(IEA). The total capacity net addition shown from 2020 to 2025 include the accelerated cases
while considering the impact of Covid-19 pandemic. Therefore, the renewable energy industry
globally should bounce back quickly and steadily from the challenges of the Covid-19 crisis.
In this regard, the recovery plan must be aligned with the long term national and global
objectives on energy resilient and sustainable development [6].

As the renewable energy sector is still growing, the main issue is not only producing
electricity but to maintain the stability in the AC network and offering a more reliable
performance of the control system which suits with the specific requirements set by the
national Transmission System Operator (TSO) in each country. In AC system, the frequency
is the most important global magnitude and it should be ideally maintained by all
interconnected elements. Even though the grid voltage is not a global magnitude, but it should
have remained stable within certain limits over the electrical network. In order to maintain
the voltage stability, a precise control of active and reactive power is essential. In renewable
energy generation systems, the used of power converters and its controllability are the key
elements for achieving an effective control of grid integration especially in solar PV and wind
power plants [7, 8].
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Fig. 1.4. World total capacity net additions and forecast of renewable energy to 2025 [6].

Utilization of power electronics-based generation with an appropriate control has
tremendously increased with the determination to maximize the power output from the
renewable resources while ensuring the reliability and controllability at minimum cost. Power
electronic converter technology enables flexible interconnection between renewable energy
generation systems and the electrical network. The performance of power electronics based
converter has become very important to perform advanced function such as dynamic response
control of the active and reactive power, reactive current injection during faults and also
operation on the wide range of voltage and frequency in order to comply with the grid code
requirement [9].

1.1.1 Classical Control of Grid Connected Power Converters

The power electronics based converters are capable to convert the electrical energy from
AC to DC and vice versa where voltage source and current source are the two possible types
that can be considered for the conversion process [10, 11]. For the conventional control
scheme of a grid connected power converter, grid synchronization methods become highly
important to ensure the safe running of the grid connected of three phase converters especially
when the grid voltage disturbances occurred in the system.
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The synchronization method should consider the accuracy, frequency and phase angle
adaptivity, distortion rejection capability, dynamics response and its structural simplicity. A
perfect synchronization method is able to correctly filter a grid side harmonic in order to track
the fundamental cleanly when harmonics pollution exists. During the weak grid condition, the
system frequency may deviate from its nominal value and the synchronization method
selected must be able to withstand with the changes without losing its synchronism. In order
to synchronize the power converter with the grid, the Phase Locked Loop (PLL) is commonly
used to obtain the phase angle, 8 and the angular speed, w of the grid voltage. In this regard,
the grid connected power converter response and its interaction with the grid is strongly
influenced by the PLL dynamics.

The synchronization of power converters with the grid can be performed either by direct
measurement of the grid voltage [12-14] or by adopting a voltage sensorless [15-17] control
solution. Voltage sensorless control has become an attractive solution because it can reduce
costs by means of reducing the number of sensors needed. The voltage sensorless control
could lead to the increasing of system reliability where in this case, the possibilities of
interruption due to the component failure can be reduced. Other advantages of implementing
the voltage sensorless operation is that, the voltage measurement can be utilized in normal
condition while the voltage sensorless will allow the converter to remain operated in case of
voltage sensor fails to function. In the implementation of voltage sensorless control, the Direct
Power Control (DPC) and the Voltage Oriented Control (VOC) strategies are commonly used
[18-20]. Virtual Flux estimation is one of the simplest ways to achieve voltage sensorless
control by means of estimating the grid voltage condition. By utilizing the virtual flux
estimation, it is also possible to increase the performance and flexibility of the converter
control system. This feature makes it possible to estimate the grid voltage condition that are
not easily available for measurement [21, 22]. If the parameters needed are available, the
estimation can be done at any point of the grid.

Considering the power converter is controlled as a voltage source, the lowest control
hierarchy is the Pulse Width Modulation (PWM) control. The PWM control will generate the
pulses needed for the IGBTs in the converter. The pulses are very important to ensure the
converter is switched at appropriate instance. The reference needed by the PWM is normally
from the output of the inner loop control. The inner loop control is a current controller that
controls the grid injection current. In conventional control of grid connected power converter,
the Proportional Integral (PI) and Proportional Resonant (PR) current controller have been
considered in most publications.

The outer loop control [23] will influence the dynamics of AC system because the active
and reactive power as well as the DC and AC voltage control is performed in this control loop
[24-28]. The objectives of having the outer loop control is to provide the current reference
signals needed by the inner loop and control the active and reactive power injected to the grid.
The current reference generated can be either in synchronous reference frame (is" & i,") or
stationary reference frame (i," & is") depending on the implementation of the control
strategies. In this regard, the current reference signals generated will influence both active and
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reactive power flow. The active and reactive power control can be achieved by using the PI
controller in the closed loop and instantaneous power calculation in the open loop system. The
highest control hierarchy of the Voltage Source Converter (VSC) is known as ancillary
control. This control loop is not mandatory to be added in the control layer of the VSC but by
having this control, it will greatly enhance the VSC performances. Normally the frequency
control, damping control as well as the AC voltage control will be performed at this stage.

Considering the control system is implemented in stationary reference frame, af, Fig. 1.5
shows the general schematic of the main components in VSC control systems. The converter
current /., .»c as well as the measured voltage, V.. is converted in aff sequence, denoted as 1,
ab and Vab.

VSC
L pPCC
J | ST 3
Vi M _T_ - ! i ¢ :
C. : A
: S
[c,abc I Vabc B ° E
% : Vo
H &
Main Components of VSC Control System LY ;
: Active Current/ ~ } : :
: power reference Power :
H Leap Modulati - Control H :
E — odulation & [<& H : H
H Inner Loop H :
: Ve Control Reactive g
: < 4 Power : '
: S - Reactive Current/ ~ § Control H
H ynchronizing . H :
' Si reactive power reference H
H ignal | T e ecccceeena . H
H Outer Loop H
S . Control
Py Grd | o Grd
! Synchronization Information

Leccccecccccccccccccccnccacacccacns .- .- .- - cead

Fig. 1.5. Overview of the main components of VSC control systems.

1.1.2  Frequency and Voltage Droop Control

In renewable distributed generation, the grid connected power converters should interact
with the grid, and automatically react to the frequency and voltage variations by providing the
frequency and voltage support. The frequency and voltage support can be achieved by
implementing the droop controller [29, 30]. It should be noted that the characteristics of the
droop control are provided by the national grid codes, therefore, it might be different in each



1.1. Background 7

country. The droop controller provides frequency and voltage control by adjusting the active
and reactive power set point proportional to the deviation of frequency and AC voltage
magnitude. The principle of a droop control can be described by analyzing the power transfer
between point A and point B as shown in Fig. 1.6 [31]. Referring to Fig. 1.6 (a), the active
and reactive power flowing into line A is given by (1.1) and (1.2).

2

V.,V
_Ya _ra”B
P, ——Z cos @ cos(@ + 9) (1.1)
v v,V
0, = 7Asin6’— AZB sin(@ + 9) (1.2)

where the 6 is the power angle and @ is the power factor angle at section A. As stated in [31]
and [9], this analysis is valid for both single and three phase system. Assume the power
converter is an ideal controllable voltage source and Z cos 8 = R, Z sin 6 = X, the active and
reactive power can be obtained by (1.3) and (1.4) respectively.

(a) (b)

(©)
Fig. 1.6. (a) Power flow through a line, (b) Phasor diagram, (c) Q/V and P/f droop control.
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V4

By = IR0, =V 0058)+ XV sin ) (13)

v, .
0, = m[_R(VB sind + X(V, —Vy cosd] (1.4)

Therefore,
RP, + X(
AV, =V, =V, cos5=A—QA
v, (1.5)
XP, - R
AV =V, sin5=A—QA (1.6)
q B
VA

The resistive part can be neglected in the case of DG inverter connected to the grid through
a purely inductive line impedance because the inductive component in the line impedance in
High Voltage (HV) and Medium Voltage (MV) network are typically higher than resistive.
Additionally, the power angle § is relatively small, it can be assumed that sin 8 = 6 and cos &
~ 1 that is possible to simplify (1.3) and (1.4) to (1.5) and (1.6) respectively. The direct
relationship between power angle and active power as well as the relationship between the
voltage difference and the reactive power can be directly seen from (1.7) and (1.8) as stated
in [31]. The grid frequency and voltage at the point of connection of the converter is regulated
by means of controlling the value of active and reactive power delivered to the grid.

V, ) XP,
P, =—=(Vzsind)=d =
X V.V (1.7)

X0,
V4

v
0, =?A(VA —Vycos8) =V, —V, = (1.8)

Therefore, the droop expression for the inductive lines can be derived as (1.9) and (1.10).
f=fo=—kp(P-F)) (1.9)

V_Vo:_kQ(Q_Qo) (1.10)

where fy and V) are the rated frequency and voltage while Py and Qy are the set points for the
active and reactive power. The P/f'and Q/V droop characteristics based on (1.9) and (1.10)
can be illustrated in Fig. 1.6 (c) where the slope of the voltage and frequency droop is
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depending on the coefficients kp and kp. Based on this theoretical, it is easy to understand that
the frequency and voltage can be regulated by controlling its active and reactive power
according to its droop characteristics. For the case of Low Voltage (LV) network that mainly
based on the resistive, the inductive part can be ignored which contrary to the case in both
high and medium voltage. In the low voltage network, the droop regulation in (1.7) and (1.8)
is no longer valid. The effect on the voltage amplitude can be seen when the active power, P
has been adjusted and the effect on the frequency can be observed while adjusting the reactive
power, Q. Equation (1.7) to (1.10) can be modified to (1.11) to (1.14) in order to suit with the
resistive line case.

P Vs (V,-Vycos8) =V, -V, REs

X — COS — X
A R A B A B g (111)

v,V R
0,=—+2Lsind=>6~- 2 (1.12)
R VVs

V—V,=-k,(P-P) (1.13)
S =1y =ko(Q—-0p) (1.14)

In general, both resistive and inductive effect must be taken into account in order to regulate
the frequency and voltage droop.

1.1.3 Emulation of Synchronous Generator

In conventional power system, synchronous generator has a robust connection to a weak
grid, capable to naturally perform a load sharing and also work well during the unbalanced
voltage conditions. Therefore, the idea of emulating the synchronous generator behavior (that
includes its electrical and mechanical characteristics) on grid connected power converter
control layer are most welcomed by the grid operators. In synchronous generator operation, a
good control of the output impedance will influence the electrical characteristics. On the other
hand, the rotor inertia will react on the mechanical response by guaranteeing a good dynamic
response of the power systems.

The dynamic response of the power electronics-based converter is totally different from the
synchronous generator because it depends on the PLL dynamics. The distributed generator
resulting from the power electronics-based converter does not naturally implement either any
inertia or inductive output impedance. Therefore, the performance of grid connected power
converters differ from the synchronous generator. The odd transient dynamics as well as lack
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of inertia gives rise to the negative impact on power system operation especially under weak
grid or islanded grid condition. Emulating the effect of inertia and impedance somehow is
very important in order to respond to any disturbances that may appear in the power systems.
In order to ensure the effectiveness of the distributed generators and to make them compatible
with the operational principles of synchronous generators, specific functionalities should be
considered in the control systems thus motivates the research topic for this dissertation.

Extensive research has been carried out in the control of grid connected power electronics-
based converter with the aim to improve the interaction between the power converter and the
electrical grid. Many works presented were also aim to provide the inertial characteristics to
the grid connected power converters. The method for inertia emulation can be achieved by
implementing an extra loop [32-35] or by modifying the PLL [36]. In this implementation,
the inertia emulation is dependent on an external voltage source. In this regard, extra control
scheme is needed in order to form a grid, in case of islanded operation condition. However,
the active power transfer dynamics are still different with synchronous machine even though
the dynamic interaction of the converter with the grid has been modified. Considering this
drawback, power loop controller has been presented as another option to emulate the virtual
inertia. There are three different methods that can be implemented in the power loop controller
as for instance, cascaded voltage-current control [37, 38], open loop modulation [39-45] or
virtual impedance/virtual admittance configuration [46-56].

1.2. Summary of the Remarkable Works

With a high variability of renewable energy sources, it is so difficult to maintain the stability
of the AC network. There were many control algorithm being presented by the research
community to enhance the performance of grid connected power converters. However, it is
possible to classify the past contributions into two main groups even though there are slight
differences. The first group gathers the contributions achieved in the control strategies of the
grid connected power converters for the microgrid application. The second group oriented to
reproduce the same dynamical behavior of synchronous generator in the control layer of grid
connected power converters.

Microgrids are proposed into electric power systems in order to manage the extensive
penetration of Renewable Energy (RE) and DG in power distribution networks [57, 58]. A
microgrid systems consisting of generation units, loads and storage units [59-61]. Microgrid
system has attained a significant consideration due to its desired characteristics such as
improved reliability [62-64], efficiency [65, 66], stability and expandability [67, 68].
Application of microgrid can be divided into two clusters which are AC Microgrid and DC
Microgrid. AC microgrid is connected to the utility grid at the Point of Common Coupling
(PCC) is the most studies microgrid structure [69], [30]. However, in recent years, DC
microgrids have attracted additional attentions because majority of the emerging RES, storage
components and loads are inherently DC [70, 71], [58], [61], [66].



1.2. Summary of the Remarkable Works 11

The hierarchical control structure of microgrids can be divided into three control levels
which are primary control level, secondary control level and tertiary control level [58], [72,
73]. The primary control level focuses on the stability of the frequency and voltage. Normally
the droop control is applied in this level in order to achieve the active and reactive power
sharing without using the communication channels. In the secondary control level, the
elimination of the frequency and voltage deviations that caused by the droop control will be
performed. The tertiary control on the other hands deals with economic dispatch, operating
schedule and power flow between the microgrid and the utility grid. The Energy Storage
Systems (ESS) as well as the Energy Management Systems (EMS) are also required in order
to ensure a smooth transition between islanded and grid connected modes [73-75]. Since the
accuracy and the dynamic stability of active power sharing is very important, therefore, an
early study of static droop compensator has been presented in [76] in order to perform an
active power sharing. In [77], enhanced droop control with a transient droop performance has
been proposed. An optimized droop control has been presented in [78] in order to improve the
dynamic stability of the active power sharing. Earlier study by the same author has been
carried out in [79] with the objective to adjust the dynamic performance of the power sharing
without affecting the static droop gain. In order to achieve the objective, an adaptive
decentralized droop-based power sharing control has been implemented.

According to [73], the active power can be regulated well by using the improved droop
control schemes when the DG units operate at the same frequency in the steady state
conditions. However, the reactive power sharing is still poor. A various control strategies have
been proposed with the objective to share the reactive power. The strategies include the
improved primary droop control methods [80-84], the improved virtual impedance methods
[85-90] and the improved hierarchical control strategies [91-94].

The new grid codes demanded that the distributed generation should perform as similar
performance as a conventional generation which particularly based on synchronous generator
in term of transient response, grid regulation and efficiency of the system. To deal with such
condition, a Virtual Synchronous Generator (VSG) has been introduced as a new control
strategy that signifies the VSC operated in a similar way to synchronous generator [95-98]. In
this regard, the swing equation of synchronous generator has been modelled in the control
layer of VSC. In the case of VSG, the regulation of frequency and voltage of the network still
count on the external droop controller. However the added value in this control system is the
introduction of the virtual inertia concept [44], [99, 100].

The VSYNC project is one of the examples of initial works related to VSG concept [101,
102]. This project runs under 6™ European Research Framework Program. The power
converters controlled as VSGs present a similar frequency dynamic response as synchronous
generator hence the system is not capable to store the energy. As a result, it also requires a
supplementary energy storage unit. The work done in [50] and [55] introduces a Virtual
Synchronous Machine (VISMA). As similar to the VSG, the idea of VISMA is to reproduce
the static and dynamic properties of synchronous machine into the grid connected power
converter. However, the tuning accuracy may deviate due to the high number of controller
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parameters and potential interaction between the loops. The cascaded structure may contribute
in a slow dynamic response thus simplification of the control structure is reasonable. A Static
Synchronous Generator (SSG) has been presented in [39] and [103]. In this work, the power
regulation is also based on the classical method of frequency and voltage drooping
mechanism. The SSG performs as a voltage control that may contributes to the derivative term
problems and also has a low damping that makes it necessary to use filters.

Mimicking the dynamic behavior of the synchronous generator into the control layer of the
grid connected power converter in general will not solve any problems on the one that
conventional generator has. Direct emulation of the synchronous machine does not improve
the electrical side of the grid connected power converter since the generator equations are still
literally used in some works thus issues on the low damping still arise. The problem of a low
damping of electrical transients and resonance will contribute to a very slow dynamic when
there are changes in the electromotive force or in the distribution network, hence it is
necessary to improve this situation.

In [104-106], the Power Synchronization Control (PSC) for the VSC or more specifically
for the HVDC application are presented. By using the PSC, the VSC avoids the instability
caused by the PLL in a weak AC system connection. The author adopts power synchronization
to directly control the active and reactive power by means of controlling the phase angle and
voltage magnitude. In order to ensure a safe stability margin during the weak grid, the VSC
shall run with a control system with a low bandwidth and the needs of protection and filters
against perturbations are highly recommended.

The control strategies based on Synchronous Power Controller (SPC) has been presented
in [52]. The SPC based power converter controls the power converter as improved
synchronous generator. The implementation of SPC is based on controlling the current at the
output of power converter that emulated the generator. The electrical controller is based on
the virtual admittance concept as presented in [53] and it plays an important role in load
sharing and presents a natural voltage magnitude droop feature for grid voltage support [107].
The electromechanical damping and inertia can be controlled, as a result it can attenuate the
power oscillation, hence counteract the drawbacks of conventional generators. Contrary to the
conventional synchronous generator, the SPC does not need any software protection against
perturbation and short circuit as it works inherently to reduce them. The electromechanical
damping and inertia can be controlled as a result it can attenuate the power oscillation hence
counteract the drawbacks of conventional generators.

It should be noted that all the previous contributions have been focusing on the classic
current control for inner regulations of the grid connected power converter. However, to the
best of author knowledge, there is no research to date considering to deliberate the theoretical
of flux into the inner regulation. Thus, the research in this particular area should be committed
since it is already long overdue. The goal of this thesis is to investigate various kinds of control
strategies and propose a new control strategy for the grid connected power converter based on
virtual flux approach that could provide an advanced synchronous performance to make them
comply with the grid code requirements further performs an inherent synchronous connection
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with the grid. Other than that, this dissertation will also present the control strategy based on
VF estimation for power converter connected to the grid through the LCL filter.

1.3. Objectives of This PhD Dissertation

The research work in this PhD dissertation is directed towards the general goal of proposing
control strategies for the grid connected power converter based on virtual flux approach.
Several objectives were specified to guide the PhD project, which are summarized in the
following:

e To attain a detailed design, analysis and experimental validation of the VF
estimation for the grid connected voltage source converter with LCL filter.

e To attain a detailed design, analysis and experimental validation of the control
strategy to control the active and reactive power in remote point.

e To attain a detailed design, analysis and validation of the Virtual Synchronous Flux
Controller with the Magnetic Controller (MC) used in the inner loop control and
power loop controller used in the outer loop control.

These objectives contribute to develop the particular details of the control strategies based
on VF approach in terms of implementation with a consideration of specific needs in different
scenarios.
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1.4. Scope of Work

The focus of this dissertation can be limited to two main parts. Firstly, this dissertation will
focus on the area of virtual flux-based synchronization as illustrated in Fig. 1.7.
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Fig. 1.7. Overview of VSC control system with the implementation of virtual flux-based grid
synchronization.

In this regard, the virtual flux based synchronization for the case of LCL filter will be
investigated. As the capacitor current cannot be ignored, the estimation of the grid voltage
condition will be presented in three different methods. The design features of the control
system can be summarized by the following:

=  The precision and dynamic response of the grid synchronization method should
not be swayed by discrepancies in the grid frequency.

= The control system should be able to provide a very fast synchronization with the
generation of reliable output of virtual flux estimation at the grid side. A good
estimation is essential to generate the perfect sinusoidal of current reference that
is needed by the current controller.
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The control system is worked in stationary reference frame and the current
controller used in this work can be based on the conventional linear current
controller.

The applied method is suitable for both balanced and unbalanced condition and
the system should be able to control both active and reactive power in specific
conditions.

The virtual flux estimation in the case of the power converter connected to the grid
through the LCL Filter can be done in three different methods.

The proposed method should be able to control the active and reactive power
remotely.

Secondly, a new concept for controlling the VSC will be investigated. This concept is
known as Virtual Synchronous Flux Controller (VSFC) where it is capable to control the flux
at the output of power converter. The VSFC does not require any specific hardware or power
converter topology as it can be applied in any commercial power converter just by changing
its control layer. The VSFC combines the MC in the inner loop control and the power loop
control in the electromechanical part of the systems as shown in Fig. 1.8. The outer loop
control is used to generate the flux reference needed by the MC. Considering the VSC is
connected to the grid through the LCL Filter, the desired features of this concept can be
summarized in the following:

The applied method of VSFC should be designed suitable for both balanced and
unbalanced grid voltage conditions as well as capable in controlling the active and
reactive power in a flexible manner.

The VSFC should be able to naturally synchronize with the electrical grid without
external grid synchronization.

The magnetic controller should be able to emulate the electrical behavior and
responding well in case of any perturbations occurred such as transient grid
voltage sags.

The VSFC based power converter should be able to control the active and reactive
power effectively.

The proposed method is tested under normal operating condition considering the
power converter is connected to a strong grid.

The control strategy will be based on stationary reference frame where the current
and voltage measurement should be transformed from abc sequence to af
sequence.
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Due to the time constraint, only the validation of the proposed system on balanced
conditions were completed. The test work for under unbalanced condition was not achieved.
Thus, it is the limitations for this dissertation topic.
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Fig. 1.8. Overview of the control system of Virtual Synchronous Flux Controller.

1.5. Identification of Research Question

From the previous sections, it can be seen that conventional current controllers are used to
accommodate the inner loop control of VSC, and it has been comprehensively studied in the
literature. The design, operation and performance of inner loop control for some extent can
be reviewed and further investigated hence provide an alternative control to the conventional
ones. The main research question constitutes behind the results and analysis that will be
presented in this dissertation can be described as:

How to develop and analyze a control system of a grid connected power converter that
utilized a virtual flux approach that should be able to fulfill the grid code requirements?
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1.6. Research Contributions

Previous contributions that have been used as an important reference as well as the
important background of this research studies constitutes the research gap in Table 1.1. The
theoretical, development and the analysis from both simulation and experimental work of the
proposed control strategies that will be discussed in the following chapters will benefit the
researcher in education industry as well as in the renewable energy application industry. In
education industry, the findings of this study will provide a reference to the researchers
particularly in the area of virtual flux control. As for the distributed generation industries, the
virtual flux approaches presented in this dissertation is significant and will definitely provide
an alternative solution to the conventional control strategies.

Table 1.1. Research Gap and Contributions

Research Gap Research Contribution

A. Previous research on virtual flux Proposed new control strategies that

approach considering the power
converter is connected to the grid
through the LCL Filter is very limited.

embraced the concept of virtual flux-
based synchronization with the LCL
Filter that utilized the Second Order
Generalized Integrator configured as
Quadrature Signal Generator with a
sequence separation.

There are no detail studies on
controlling the active and reactive
power remotely by using the virtual
flux estimation approach.

The proposed control strategy permits
to control the power injection not at the
local connection point of the converter,
but at the connection point of the line
taking an advantage of virtual flux
estimation approach.

The existing flux oriented controller
are just used for the control and
regulation of machines but not for the
control of grid connected converter.
No attempt was done to explore the
potential of using the flux controller
in the inner regulation of grid
connected power converters.

Proposed a new control strategy that is

based on controlling the flux in the
inner loop control of grid connected
power converter by means of
implementing the Virtual Synchronous
Flux Controller.
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A brief description of the research contributions listed in Table 1.1 can be summarized as
follows;

A. VF estimation with LCL Filter

The development and analysis of the simulation and experimental studies of the VF will be
done in the stationary reference frame. For VF-based synchronization to the grid side of an
LCL filter, it is necessary to consider the influence of the currents in the filter capacitors.
Therefore, three options for VF-based synchronization to the PCC are presented for converters
with LCL filters, and Positive Negative Sequence (PNS) separation is considered as part of
the VF estimation. This topic will serve as the first contributions of the PhD
Dissertation. Only a few studies have previously considered VF-based voltage sensorless
grid synchronization with LCL filters [108-111]. The DSOGI-VF estimation described in
[112] is an extended version of the work presented in [113], [16, 17]. In this work, the PR
current controller is used as an inner control of the VSC. However, as discussed in [22] and
[111], VF estimation can also be useful if capacitor voltage measurements are available. As a
result, estimation of the grid-side current is also included in the VF-based synchronization
strategy, in order to obtain an accurate voltage or flux across the grid-side inductor. This kind
of estimation strategy has not been studied in detail in the existing literature. Therefore, the
transient and steady state response of the system will be investigated in detail.

B. Remote Power Control Injection based on VF

The second contribution is the development of the remote power control strategies. The
analysis, simulation and experimental validation of the proposed systems extend thus the work
done in [108], [110-112] and [17]. The VF estimation enables to calculate the power at any
point in the network and built controllers to regulate the active and reactive power delivery.
Therefore, the VF estimation can regulate the active and reactive power not only at the output
of the converter, but it is also possible to regulate the active and reactive power at the
connection transformer that interfaces a plant with the main grid. Normally the connection
point with the electrical company is far away from the converter. In this point, it is necessary
to guarantee the cos phi required by the electrical company in many cases, hence the control
proposed in this dissertation permits to regulate the active and reactive power delivery in a
remote point. The fact of controlling the power in a remote point is relevant as the standards
are asking to regulate the power at the connection point, which is not necessarily the output
of the grid-side converter. In this case, the control system will be designed in a stationary
reference frame, and thus a PR current controller will be adopted in the inner control loop.
This is due to the fact that the VF is implemented in such a way that the voltage in a remote
point of the line can be estimated. In addition to the power control itself, this study could also
benefit the frequency and the voltage regulation methods in distributed generation
applications as for instance in microgrid system.
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C. VSFC with a new control strategy in the inner and outer loop

The third contribution of this PhD dissertation is the development, analysis and
experimental verification of VSFC. This will also include the general expression used in the
magnetic controller as well as the outer loop controller. The VSFC provides control solution
based on controlling the virtual output flux of the converter. Control of flux is derived from
the main idea that the power converter can be controlled as a virtual synchronous generator
where flux is used as a variable for controlling the operation. A power converter that
equipped with the VSFC is able to conduct an inherent synchronous connection with the
grid without additional synchronization system. Magnetic controller is responsible to
regulate the virtual flux at the output of the power converter and the power loop controllers
on the other hands generate the flux reference to be tracked. It is worth to mention that this
is the first control solution that adopts such structure in the control of grid connected power
converters.

1.7. Outline of the PhD Dissertation

This dissertation can be divided into six chapters. Chapter 1 is exclusively presented to
introduce the basic control of power electronics-based converters. Issues and problems in the
control strategies of grid connected power converters have been highlighted and served as a
basis for identifying the research objectives, research question as well as the main focus of
the dissertation. In this chapter, new contributions to an area of knowledge have been
emphasized to demonstrate the originality of the work.

Chapter 2 focuses on the review method of the control strategies of grid connected power
converters particularly involving the virtual flux approach. It also includes the review on the
general structure of the control strategies in both solar photovoltaic and wind energy system
as well as highlighting the research gap that could lead to the present studies. In this chapter,
the grid synchronization method based on voltage measurement as well as voltage sensorless
will be reviewed in detail. In this regard, a review on the implementation of virtual flux
estimation will be presented as a basis for the following chapters.

In Chapter 3, three options for VF-based synchronization to the PCC is studied for power
converters with LCL filters, and PNS separation is considered as part of the VF estimation.
Estimation of the grid-side current is also included in the VF-based synchronization strategy,
in order to obtain an accurate voltage or flux across the grid-side inductor. This chapter also
present a brief introduction of the current controller used in the control strategies and also
demonstrate on how the output of the virtual flux estimation is used to generate the reference
current. The proposed methods are validated through simulation and experimental work and
the performance of the proposed methods are discussed accordingly.
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Chapter 4 goes further in the analysis of a control method based on the VF approach, which
is able to control the power injection not only at the second inductor of the filter, but also in a
remote point of the line where it is connected. This is because the VF is implemented in such
a way that the voltage in a remote point of the line can be estimated. The simulation and
experimental results will show a broad variety of testing scenarios, where the line impedance
is changed and the power tracking at remote points offers a good performance.

Chapter 5 presents the control strategy of VSFC including the parameters used in the
experimental validation. In this chapter, the mathematical equations as well as the overview
of the proposed system including the MC in the inner loop as well as the outer loop control
will be explicitly explained. The performance of proposed system is analyzed and verified
based on the scope of work listed in Chapter 1.4. The concluding remarks as well as the
recommendations for possible topic for further research are summarized in Chapter 6
respectively.

1.8. List of Publications

This section lists the main contributions of the PhD work, classified as journal or conference
papers, and contributions on related topics that might diverge slightly from the main focus of
the thesis. The publications focus on the improved control scheme in order to enhance the
controllability of grid connected VSC. The selected journal papers present the main results
toward completing this dissertation. The topics range from the development of the virtual flux
estimation for the case of VSC connected to the grid through the LCL filters to the enhanced
control strategy based on virtual flux. The theory and the results presented in these papers are
discussed in detail in the following chapters.

1. N. F. Roslan, A. Luna, J. Rocabert, J. I. Candela, and P. Rodriguez, "Remote
Power Control Injection of Grid Connected Power Converters Based on Virtual
Flux," in Energies, vol. 11(3), pp. 488, 2018.
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CHAPTER

2.

State of the Art

The state of the art starts with the explanation on the power quality issues in

modern power systems. As the Renewable-based generation system progressively

evolved, grid codes requirement becomes one of the most important documents
in electrical power system. Therefore, a brief explanation on grid codes requirement is
included in the sub-section of this chapter. The state of the art continues with a description
of the control of DG system that includes the control structure of typical PV inverter and
wind turbine system. In the following sections, a summary of the virtual flux control
implementation is disclosed. This information is relevant for the development of the
proposed control principles that will be explained in Chapter 3, 4 and 5.

T his chapter introduces the most relevant topics in developing this dissertation.

2.1. Power Quality in Distribution Systems

In distribution systems, the power quality is defined as a set of boundaries that allows a
piece of equipment to function in its intended manner without significant loss of
performance. The electrical boundaries include the voltage, current and frequency. In this
regard, the power quality problems are defined as any problems manifested in deviation of
these three elements that results in failure or missed operation of end user equipment or
appliances. At the generation level, the power quality is assessed by the capability of the
generator to generate power at the designed frequency of 50 Hz or 60 Hz depending on the
country requirements. The power quality at the transmission and the distribution level is
assessed by the capability of the distribution systems to provide and maintain the voltage
within = 5% of the nominal voltage. With the increasing complexity of electrical power
systems and its interconnected elements, power disturbance occur in all electrical systems.
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The common power quality problems including their causes and effects are described in

Table 2.1 [114, 115].

Table 2.1. Common power quality problems.
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causing the protection
devices to activate.
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Lightning strikes

Power lines switching at
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Electromagnetic
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Data losses and data
processing errors
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sensitive electronics
equipments

Obviously, the voltage sag is the most common problems in electrical power systems.
The voltage sag is a reduction in voltage magnitude that occurred for a short time. It
normally happens when the rms voltage decreases in magnitude between 10% to 90% from
its nominal for half cycle to one minute [116]. There are seven types of voltage sags as
tabulated in Table 2.2. In three phase systems, the voltage magnitude should remain stable
in term of its magnitude with a phase displacement of 120° with each phases. The voltage
can be classified as unbalance if the phase voltages have an inequality values. Most
equipments especially motors can only tolerate up to 2% of unbalanced voltage. The voltage
fluctuations on the other hand is the rapid changes in voltage. It is also known as a flicker.
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The voltage fluctuation described by the International Electrotechnical Commission (IEC)
as a random voltage variation that up to £10% of the nominal voltage.

Contrary to the voltage sags, the voltage swell is the momentary of over-voltages. In this
event, the magnitude of the rms voltage increases above the nominal voltage. The duration
of the event is normally less than 1 minute and the frequency of occurrence is less frequent
compared to the voltage sags event. In electrical power systems, interruption is something
that need to be avoided. Interruption is the complete loss of voltage and it can be categorized
in three different types depending on the durations of the event. Normally, the momentary
interruption occurred between half cycle or 8msecs to 3secs. However, if the voltage drops
below 10% of the nominal voltage between 3 secs and 1 minute, it can be categorized as a
temporary interruption or short duration interruption. If the event last longer than 1 minute,
it could be categorized as a long duration interruption.

Transients on the other hand are the sudden increase or decrease of current or voltage. It
is also called as surges or spikes. There are two types of transients which are impulsive and
oscillatory transients. Compared to the other power quality problems, the transients
normally decay quickly. The other common problems in the power system is harmonics.
Harmonics are the integral multiples of fundamental frequency of the sine wave. The current
harmonics will distort the voltage waveform and later will create distortion in the power
systems that can cause many problems. In electrical system, noise is unwanted electrical
interference signal. It can cause serious problems if the electromagnetic interference
produced by wireless communication equipment that can affect medical equipments
especially the one used to monitor patient’s life.

Table 2.2. Voltage sag types.

Voltage Sag Types Fault Types
Type A Three Phase
Type B Single-phase to ground
Type C Phase to phase

Phase to phase fault (experienced by delta
Type D connected load) ; Single-phase to ground
(zero sequence component removed)

Two-phase to phase fault (experienced by

Type E wye connected load)
Type F Two-phase to phase fault (experienced by a
delta connected load)
Two-phase to phase fault (experienced a load
Type G connected through a non-grounded

transformer removing the zero sequence
component)
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The fact that the power quality has become an issue in the distribution generation systems,
the power quality standard is very important in order to ensure safe operation at generation,
transmission and distribution level. The most popular international organizations that
responsible to develop the power quality standards are Institute of Electrical and Electronics
Engineer (IEEE) and IEC. The example of the power quality standards developed by these
two organizations are tabulated in Table 2.3 [117-119]. The utility companies conduct the
power quality assessments by means of evaluating the power quality and reliability of the
electrical power systems by using some indexes such as SAIFI, CAIDI and SAIDI [120].

Table 2.3. Power Quality Standards

Phenomena Standards
Power Quality IEEE 1159:1995, IEC 61000-2-5: 1995, IEC
Characterizations 61000-2-1: 1990
Voltage sag/swell IEEE 1159: 1995, IEC 61009-2-1: 1990
and interruption
Harmonics IEEE 519:1992, IEC 61000-2-1: 1990, IEC
61000-4-7: 1991
Transients IEEE 1159:1995, IEEE C62.41: (1991), IEC
61000-2-1: 1990, IEC 816: 1984
Voltage flicker IEC 61000-4-15: 1997

2.2. Grid Codes Requirements

The rules and regulations used to organize various electricity supply activities of the
electrical producer, operator, distributor and the consumer is known as grid and distribution
codes. Sometimes, the grid code is also known as an interconnected guideline. The main
concern of the grid code is normally associated with the variations of transmission system
voltage and frequency, faults events, active and reactive power control capabilities, safety
and security of the entire power systems. In each country, the transmission system operator
is responsible to ensure a safe operation and stability of the transmission system by
controlling and monitoring the different levels of electrical network. It is worth to mention
that the rules and regulation that includes a specific requirements regarding the transient and
steady state operation of the generation unit of each country is not the same. However, there
are three important elements that need to be taken into account while considering to connect
any kind of power generation plants to the electrical grid as stated in Section 2.2.1, 2.2.2
and 2.2.3.

In Europe, there are two regional grid codes which are the Nordic Grid Code and the
ENTSO-E Network Code [121]. The Nordic Code has been used in Denmark, Norway,
Finland and Sweden. However, the ENTSO-E have been signed into European Law which
means all the European grid code including the Nordic Grid Code should comply with the
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requirements stated in the ENTSO-E Network Code. The followings are the other examples
of grid code providers or regulators [122];

e  Ministerio de Industria y Energia (Spain)

e National Grid Electricity Transmission plc (Great Britain)
e VDN (Germany)

e RTE (France)

e TERNA S.p.A. (Italy)

e SwissGrid (Switzerland)

e Energie-Control Kommission (Austria)

e Belgian Ministry of Economy (Belgium)

e  Autoriteit, Consument & Markt (Netherlands)

2.2.1 Operational window for a generation unit

The amplitude of the grid voltage and frequency will keep changing and do not remain
constant over time but these variations should be around their rated values. The operational
window is very important especially during the unbalanced situation. In this regard, the
generation units that are connected to the electrical network should be able to operate within
the operational margin specified by the grid codes. The operational window may vary in
different countries depending on the requirement sets by the TSO. Normally the frequency
window sets by the TSO is around the range of 2-3Hz and the voltage amplitude may vary
in the range of 5-10% around its rated value.

Table 2.4. Frequency Variation in European Country as stated in [122].

Country Steady State Range, Hz Transient Range, Hz
Austria 49 —50.5 47.5-51.5
Belgium 48.5-51 47.5-525
Bulgaria 48.75-51.25 Nil
Czech 48.5-50.5 47.5-51.5
Republic
France 49.5 -50.5 47 - 55
Great Britain 49 — 51 47.5-51.5
Germany 49 -50.5 47.5-51
Greece 49.5 -50.5 47 -53
Italy 49 - 51 47.5-52
Lithuania Nil Nil
Netherlands 49.85 -50.15 48 — 51
Poland 49 — 51 47.5-52.5
Romania 49.5-50.5 49 — 52
Scandinavia 49 —50.3 47.5-52

Spain

48 —51.5

47-51.5
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2.2.2  The capacity for controlling the grid voltage and frequency

The amplitude of the grid voltage as well as the frequency are associated with the reactive
power and active power controls. Therefore, any deviations in voltage amplitude and the
frequency will surely affect the regulation of both reactive and active power. A good control
of the grid voltage amplitude and the frequency definitely will enhance the whole
performance of the grid in both steady state and transient conditions.

In the steady state conditions, the grid code stated that the reactive power should be
injected to the grid by the distributed generators in case of any deviations in voltage
amplitude. The injection of the reactive power should be made at the point of connection. It
is also important for the generation unit to have the capability to track the reactive power
set points specified by the TSO.

Likewise, the TSO also specified the amount of active power that needs to be injected by
the distributed generators in order to respond to the frequency variations. In this regard, the
distributed generators should automatically reduce the active power delivered to the grid
when the grid frequency increases and vice versa. It is also possible to increase the active
power delivered to the grid when the frequency decreases below its rated value, if the
generation units are accommodated with the energy storage, power curtailment or primary
source control. As similar to the regulation of the grid voltage amplitude, the TSO also
demand that the generation units should have the capability to track the active power set
points.

2.2.3 The setting of transient response

The grid code also sets a strict requirement to the distributed generation units during the
transient conditions especially when the faults occurred in the systems. Therefore, the
control of the grid connected power converters should have a good response not only during
the steady state conditions, but also during the transient conditions. The grid code demands
the distributed generators to stay connected to the grid in case of voltage sags occurred in
the systems. As stated in Table 2.1, the voltage sags occurred when fault happens in the
system. The fault ride-through capability required by different countries may differ from
one to another. The grid codes asking the grid connected power converter to have the ability
to instantaneously inject the reactive current in order to obtain a fast grid voltage recovery
during the voltage sags event that caused by the transient faults [123]. The magnitude of the
reactive current needed depends on the depth of the sag event. However, if the overvoltage
occurs in the system, the control of grid connected converter should be able to withdraw the
reactive current.
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2.3. Basic Control Structures of Solar PV and Wind Power
Systems

The swift growth of PV cell technologies and the incessant cost reduction of PV modules
as well as the advancement of power electronics have been the main motivation for the
intensive employment of PV distributed power generation systems [8, 9], [124-126]. In
order to certify the dependable, efficient and less harmful transfer of solar PV energy to the
distributed grid, the PV distributed power generation system is essential to comply with a
strict requirements than ever before [127]. Fig. 2.1 shows the general structures of the grid
connected power converter for PV systems. The basic functions for all grid connected
inverters are the grid current control, DC voltage control and grid synchronization. These
three basic controllers should be capable to ride-through the grid disturbances.
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Fig. 2.1. Generic control structure for a PV inverter with boost stage [9].

A good grid current control will ensure that the system will remain stable in case of large
grid impedance variations occur. It is also important to make sure that the system achieve a
low Total Harmonics Distortion (THD) as required by the standards. The function of having
the DC voltage control in the control layer of the inverter is to adapt with the discrepancies
of grid voltage and the control is able to respond accordingly. As mentioned in Chapter 1.2,
the main issue of connecting the power converter with the grid is the grid synchronization.
The standards asking that the grid synchronization operates at the unity power factor. The
grid synchronization is critical because the information generated by the grid
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synchronization will be used at different level of control systems in the grid connected
converter.

Even though there are a variability and system configurations of the inverter topologies
that increase the control difficulty, but the PV system should performs the specific functions
that include the Maximum Power Point Tracking (MPPT), Anti-islanding protection as
required by standards (VDE 0126, IEEE 1574) and grid/PV plant monitoring [9]. The MPPT
is significant in PV system because it will maximize the power output of PV array for a
given set of conditions. The maximum power point is totally depends on the irradiance and
the solar panels temperature [128]. The MPPT controls should have a stable operation
during low irradiance levels and fast dynamic response is required when irradiance is rapidly
changes. During the steady state, the MPPT algorithms is expected to have a very high
efficiency.

In economic point of view, a very high efficiency of MPPT can reduced the number of
PV array and batteries used thus leads to a lower implementation cost [129]. The most
common MPPT techniques include perturb & observed [128], [130-132], incremental
conductance [133-135], ripple correlation [136-138] and short circuit current techniques
[139]. The grid monitoring on the other hands is the algorithm used to detect the grid state
in a fast and accurate way in order to meet the requirements demanded by the grid codes in
term of precision and time response. Monitoring the grid variables at the PCC is essential
in order to trip the disconnection procedure when the variables go beyond the limit
boundaries set by the grid codes, hence the grid monitoring is closely linked with the grid
synchronization. Typically, the ancillary functions include an active filter control, microgrid
control and the grid support. The grid support provides a local voltage control, reactive
power compensation, harmonic compensation and also fault ride-through capability.

In wind power systems, the elementary of power conversion is made of two parts which
are the mechanical and an electrical. The mechanical part extracts the energy from the wind
and makes the kinetic energy of the wind available to a rotating shaft. The function of
electrical part is to transform the energy to electrical, making it suitable to electrical grid.
This two subsystems are connected through the electrical generator (which is an
electromechanical system) and later converts the mechanical energy into electrical energy
[9], [140, 141]. Based on the description stated above and also the figure shown in Fig. 2.2,
it shows that the wind turbine control has 3 different stages which are the mechanical,
electromechanical and electrical.

The first stage will control the pitch of the blades, the yaw of the turbine shaft and the
speed of the motor shaft. The second stage can have a variable structure (pole pairs, rotor
resistors, etc), an external excitation and/or a power converter that adapts the speed or the
torque of the motor shaft and the waveforms of the generator voltages/currents. The third
stage adapts the waveforms of the grid currents and the power converters may be presented
in the second and/or third stage [9].
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Fig. 2.2. Typical wind turbine control structure [9].

The mechanical and an electrical part are categorized by diverse control goals, but it
related with the main aim which is to control the power injected into the grid. The electrical
control is responsible of the interconnection with the grid, active/reactive power control and
overload protection. The mechanical control on the other hands is important for the power
limitation, maximum energy capture, speed limitation and reduction of the acoustical noise.
These two control loops can be treated autonomously since it has a different bandwidth. The
wind turbine shown in Fig. 3.2 will vary proportionally with the wind speed and keep the
pitch angle fixed when the power production is maximum. When the turbine reaches the
nominal power, the pitch angle controller will directly limit the power.

The function of the generator-side converter is to extract the maximum power from the
wind and to limit power braking the wind turbine. The types of the generator can be based
on Doubly Fed Induction Generator (DFIG) [142-146], Synchronous Generator (SG) [147-
150] and Squirrel Cage Induction Generator (SCIG) [151-155]. The grid-side converter is
to ensure that the DC link voltage is fixed. As it can be seen from Fig. 3.2, an internal current
and voltage loops in both converters are used in the control. As for the stability purposes,
the state variables of the LCL filter is also considered.

The specific function of the wind turbine is important to prepare the systems especially
during the grid faults condition. Therefore, the grid fault ride-through and the support to the
grid voltage restoration after the fault is essential in the wind turbine systems. The extra
functions of the wind turbine system include the inertia emulation, energy storage and power
quality. The main objective of the inertia emulation is to emulate the relation between active
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power and frequency by providing a large inertia to the system. The aim of energy storage
is to smooth the power output and it can be achieved by storing the energy in the inertia of
the generator, in the dc-link or using an additional storage. The power quality refers the
probability to use the grid converter of the wind turbine to provide benefits in term of grid
power quality.

2.4. Grid Synchronization Methods

The method of synchronization can be established based on the frequency domain and
time domain detection method. The frequency domain is a discrete implementation while
the time domain is an adaptive loop that allows an internal oscillator to track the component
of interest. In closed loop system, the conventional method that is still gain its popularity up
until now is PLL and FLL.

For the three-phase converter, the grid synchronization can be implemented in natural
abc reference frame, synchronous reference frame (rotating dg coordinates) and stationary
reference frame (aff coordinates). The basic PLL structure in Synchronous Reference Frame
is called SRF-PLL. The SRF-PLL has satisfactory performance during the balanced
condition, but it shows inadequate response under unbalanced condition where the needs of
advanced method are required [156, 157]. The extended version of SRF-PLL is the
Decoupled Double Synchronous Reference Frame-Phase Locked Loop (DDSRF-PLL) has
been presented in [158, 159] with the aim to overcome the drawback introduced by the SRF-
PLL. The synchronization based on DDSRF-PLL exploits two synchronous reference
frames rotating at fundamental utility frequency with one counterclockwise and the other
one is clockwise in order to achieve an accurate detection of positive and negative sequence
components of the grid voltage vector when it is affected by unbalanced grid fault.

Other improved and advanced versions of PLL in SRF are Dual Second Order
Generalized Integrator based on Phase Locked Loop (DSOGI-PLL) and Three Phase
Enhanced PLL (3phEPLL) as presented in [14]. The implementation of DSOGI-PLL is
based on the dual second order generalized integrator together with the phase locked loop
and the control strategy is done in stationary reference frame. The author used an
Instantaneous Symmetrical Component (ISC) and positive sequence calculation block to
detect the positive and negative sequence voltage. To make the system frequency adaptive,
the SRF-PLL is applied to the positive sequence voltage vector. In order to do that, it is
necessary to transform the positive sequence voltage in af to rotating dg. The 3phEPLL on
the other hand is an adaptation of three single phase of Enhanced PLL (EPLL) where the
phase voltage is independently processed by the EPLL. The positive sequence components
for this structure also can be obtained based on the ISC method.

In[12, 13] and [160, 161], Dual and Multiple Second Order Generalized Integrator based
FLL (DSOGI-FLL & MSOGI-FLL) structure have been presented. The FLL is responsible
to make the synchronization process adaptive to the frequency changes. Nevertheless, the
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frequency in the grid does not experience sudden changes therefore a feedforward is used,
@y, in order to enhance the dynamical performance of the FLL. Of course, this wg, is not the
final value, as the DSOGI-FLL is self-adaptive and it would match the final frequency
whatever it will be. Since the SOGIs are working at the same frequencies, only one FLL is
used. Fig. 2.3 shows the diagram of a single block of a Second Order Generalized Integrator
configured as a Quadrature Signal Generator (SOGI-QSG) including the structure of the
FLL with a normalized gain.

@y

(b)
Fig. 2.3. SOGI-FLL diagram. (a) A structure of SOGI-QSG, (b) FLL with gain normalization.

The input of the SOGI is the signal to be integrated, namely v. If the input signal is
sinusoidal, both the direct output voltage v’ and the in-quadrature signal gv’ will always be
sinusoidal. The two outputs from the SOGI-QSG will always have the same amplitude if
the input signal and the resonance frequency of the SOGI are equal. By referring to the
structure of SOGI-QSG shown in Fig. 2.3 (a), the direct output voltage v’ will be in phase
with the input voltage v, while gv’ will lag the direct output voltage v’ by 90°. The error
between the input and direct output voltage is denoted as ‘e,” and the frequency of the
system is symbolized as o .

Considering the control implementation is done in stationary reference frame, the input
of the FLL is provided by the SOGI-QSG where the error signal and the in-quadrature output
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signal both in alpha beta components have been used. The integral controller with a negative
gain, -y is used to make the dc component of the frequency error equivalent to zero by
shifting the SOGI resonance frequency @’ to match with the value of the input frequency,
. The transfer functions of the SOGI-QSG for the direct output voltage, v’ and the in-
quadrature output voltage, gv’ with respect to the input voltage, v is given by (2.1) and (2.2)
respectively.
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The frequency response of the previous transfer functions is shaped by the value of the

gain constant, k. Selecting the gain constant, k = v/2 a good trade-off between overshoot
and stabilization time can be obtained. In order to understand how the system adapts to the
frequency changes, it is worth to consider the behavior of the FLL by looking at the
relationship between the error signal, ¢, and in-quadrature output signal gv'. The transfer
functions of the input signal, v to the error signal ¢, is given by (2.3).

By~ & _&
) (S) s +ka)s+a) (2.3)

Bode diagram shown in Fig. 2.4 is plotted by considering the both transfer functions of
E(s) and Q(s). It can be observed that error signal and the in-quadrature output are in phase
when the input frequency is lower than the SOGI resonant frequency (@ < w’). Both signal
is counter phase when (@ >w ). Therefore, frequency error, &rcan be defined as the product
of gv" and &,. The average value of the frequency error will be positive when (o < @),
negative when (@ > w’) and zero when (@ =w’). The integral controller with a negative
gain, -y can be used to make zero the dc component of the frequency error by shifting the
SOGI resonance frequency @ until the value is matching with the input frequency, . The
input frequency in this case will be directly detected by the FLL. By referring to the transfer
function stated in (2.1) and the frequency responses shown in Fig. 2.4, it can be clearly seen
that the direct output voltage v’ has a band pass characteristics with unitary gain and zero
phase shift at the fundamental angular frequency, wo.
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On the other hand, the transfer function stated in (2.2) as well as the frequency response
of the in-quadrature signal, gv’ shown in Fig. 2.5 has a low pass characteristic with unitary
gain and —90° phase shift at the fundamental frequency. As shown in [13], the SOGI-QSG
settling time on the other hands can be calculated based on (2.4).

10
Ls(soc1-0s6) = E (2.4)

2.5. Current Controller

As the main perturbation of the voltage waveform is due to the system transient operation
or power fluctuation thus controlling the current is necessary. The classification of the
current control method shown in Fig. 2.6 is based on the PWM current control methods.
This control method can be divided into two parts which are by employing the ON/OFF
controller or with a pulse width modulator.

PWM current control methods

I
v v

ON/OFF Controller With Pulse Width Modulator
J \ 4
Linear Non-Linear
Passivity Fuzzy
\ 4 \ 4 2 \ 4 Y
Hysteresis Predictive Pl Predictive Resonant
Y Optimized Dead-beat Repetitive

Fig. 2.6. Classification of current control methods.

If the wind power system or PV power system are using the VSC as the front-end, the
grid current is usually controlled and becomes important in order to control the quality for
active and reactive power exchange [9]. The current controller with a pulse width modulator
can be divided into two main groups of linear and non-linear current control.
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The most popular current control techniques used in the literature up until now is the
linear current controller such as PI current controller, the PR [162-165] current controller
and Deadbeat current Controller [166]. Conventionally, the proportional (P) controller has
been considered in the part of grid connected inverter control. By using this controller, it
suffers from the inherent steady state error and with the aim to reduce the error, the integral
component has been added to the transfer function [167].

The transfer function of the PI current controller can be defined as (2.5) where K, is the
proportional gain and Kj is the integral term.

Gp(s)=K s

=K +—
P [ (2.5)
The drawbacks of classical PI controller have been highlighted in [9] and [168, 169]. Even
though the used of the grid voltage feed forward is to help the controller to try to reach the
steady state faster but typically poor THD of the current will be obtained due to the presence
of the grid voltage background harmonics in the current waveform. Since PI in SRF can't
remove the undesirable twice fundamental frequency, the implementation of decoupling
network in the Double Synchronous Reference Frame (DDSRF) has been implemented in
[158] to counteract the oscillations caused by the positive and negative sequence.

The PR current controller is usually employed in the inner loop control of the inverter
because of its capability to provide a smooth tracking and achieve a zero error during the
steady state condition [112, 170]. Normally, the PR current controller is implemented in
stationary reference frame. Even though PR current controller has overcome the drawback
of PI current controller but it still needs an additional harmonic compensation to compensate
the harmonics in order to comply with the regulation standards [168]. It has been proven in
previous works that the PR current control performs a very good performance and in term
of the implementation wise, it is less complex if compared to the other linear or non-linear
current control. The PR current controller can be described in ideal or non-ideal cases. The
Laplace transformation of the ideal PR current controller is shown in (2.6), and it can be
implemented by using a SOGI-QSG.

GPR(S) = Kp +Kr

s+ (2.6)

Where the K, is the proportional gain, K, is the resonant gain and w is the resonant
frequency. The proportional gain, K, determines the dynamics of the controller while the K,
determines the amplitude gain at selected frequency. The bode diagram of ideal PR current
controller characteristic is shown in Fig. 2.7.
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Fig. 2.7. Bode diagram of the PR controller considering ideal cases (a) Response when K, = 7 with
different values of K/, (b) Response when K, =19 with different values of K).

However, in real implementation the non-ideal cases are more preferable due to its
stability. For the case of non-ideal cases of PR current controller, the implementation will
be based on the transfer function stated in (2.7).

G K 4K 20,5
©=K, +K, ————
& ? s +20,5+ 0 2.7

It is possible to control the bandwidth by adjusting the value of w.. The smaller the value
of w., the filter will become more sensitive to the frequency variations. In practical
implementation, normally the value of w, used is between 5 — 15 rad/s. As compared to the
PR current controller, the PI Controller is normally implemented in the synchronous
reference frame [171]. However, using the classical PI Controller unveils two significant
drawbacks which are inability of PI controller to track the sinusoidal reference without
steady state error and somehow it has a poor disturbance rejection. The grid voltage feed
forward and decoupling network is normally added to obtain a good dynamic response and
improve grid disturbance rejection [31, 172, 173]. As presented in [174], selecting the
proportional gain involves a trade-off between the dynamic response and the disturbance
rejection capability.

Deadbeat controller is developed based on the model of a filter and a grid therefore the
controller is sensitive to model and parameter mismatches. The controller is defined as dead
beat because the error at the end of the following sampling period is zero. The switching
state of the converter is decided from the information on the model. In order to compensate
the parameter mismatch and the sample time delay, an observer is introduced in the
controller structure.
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The deadbeat controller has a high dynamic and prove to be superior in a situation of grid
fault [166]. In [175-177], there are some examples of the work related to hysteresis current
controller that belongs to a non-linear type. A current set point needed to trigger the current
controller is normally known as a current reference, which is the output generated by the
outer loop control. Fig. 2.8 shows the bode diagram of the non-ideal PR current controller.
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2.6. General Configurations of Power Electronics
Converters in Wind Energy and Solar PV Systems

In [178], the developing trends and most commonly used power electronics converters
for both wind and solar PV application has been presented. In wind energy system, the
converter usually configured as back to back structure with a transformer on the grid side.
However, with the increasing of power and voltage level, this structure may suffer from
larger switching losses, lower efficiency and higher dv/dt stresses to the generator and
transformer thus three level neutral point diode clamped topology has become one of the
alternative as this topology achieves one more voltage level and less dv/dt stress compared
to the two level back to back structures. The configurations of both converters are shown in
Fig. 2.9.
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(a) (b)
Fig. 2.9. Two level back to back converter. (b) Three level Neutral Point Clamped back to back
converter.

However, the general configuration of grid connected PV inverters is shown in Fig. 2.10.
The PV plants larger than 10kWp arranged in parallel string normally connected to the
central converter. This configuration needs high voltage DC cables between PV and
inverters. However, with that configuration, the power may loss due to common MPPT,
module mismatch and losses in the string diodes because the reliability of the whole system
depends solely on one inverter as shown in Fig. 2.10 (a). A string inverter is based on a
modular concept where a series connected of solar panel will be connected to the separate
inverters as shown in Fig. 2.10 (b). Another configuration is module-based inverter where
a single PV module is connected to grid via its own inverter. The power production can be
maximized because every single PV module has its own inverter and MPPT as shown in
Fig. 2.10 (c). The Multi-string inverter as shown in Fig. 2.10 (d) combines the advantages
of string and module inverters by having many DC-DC converters with individual MPPT
which feed energy into common inverters.
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Fig. 2.10. Configuration of grid connected PV inverters. (a) Central Inverter, (b) String Inverter,
(c) Module Inverter, (d) Multi-String Inverter.

In [9], the author described that inverter structures are derived from H-Bridge and neutral
point clamp (NPC) topology. Three main modulation strategies are based on the bipolar,
unipolar and hybrid modulation have been considered in the design. However, those three
types are not suitable for transformer-less system. Manufacturers such as SMA, Sunways,
Conergy, Ingeteam, Danfoss and Refu have offering transformer-less PV inverters with high
European efficiency typically up to 98% on the maximum level [9]. Similar review on the
suitable inverter for transformer-less system has done by [179] where H5 bridge topology,
Highly Efficient and Reliable Inverter Concept (HERIC) and NPC topology have been
highlighted.



42 2. State of the Art

2.7. Sensorless Control Strategies

In three phase three-wire voltage source converter configuration, at least five sensors
have been considered in the control strategies where two sensors are used to measure the
AC currents, one sensor is used to measure the DC-link voltage and two sensors are used to
measure the AC voltage at the grid side of the filter inductors [180-184]. However, the AC
current sensors are crucial in the over current protection of the converter. Therefore the
designers of the converter are not prefer to remove the current sensors compared to the
voltage sensors [185].

Over the last 20 years, voltage sensorless control has become an attractive solution for
reducing cost and complexity of the control hardware. In this regard, the voltage sensorless
control is possible to reduce the cost by means of ignoring at least two voltage sensors
including its wiring, signal conditioning and integration to the digital control system [181,
186]. Other than that, the reliability of the converter system can be improved since the
voltage sensorless control system reduces a few component thus avoiding the possibility of
interruptions due to component failure [187], [17].

The work presented in [185] is the example of the early implementation of voltage
sensorless grid synchronization that adopts the DPC concept in the control strategy. The
grid voltage has been estimated by adding the voltage drop on the AC filter with the input
voltage. However, the AC line current derivatives are still required, hence it contributes to
the high noise sensitivity. Similarly, the work presented in [186] had proposed the voltage
sensorless grid synchronization based on VOC concept.

The virtual flux estimation is one of the approaches that can achieve voltage sensorless
operation. With a known parameter values of connection filter, duty cycle as well as the
converter output current that is normally measured, the VF estimation capable to estimate
the grid voltage condition. Previous research works prove that the virtual flux produce
highly dependent results without the voltage measurement [15, 17], [188-190].

Other than virtual flux-based control, there are a few types of sensorless control strategies
presented with the determination to avoid high noise sensitivity such as disturbance observer
[191, 192], Kalman filters [193, 194], adaptive full order observers [195, 196] and neural
networks [181, 197].

2.7.1 Implementation Issues Related to Virtual Flux Estimation

In the practical implementation of view, there are possibilities of drift and saturation
occurred on the estimated virtual flux due to the DC-offset in the integrated signals. The
DC-offsets can be caused by the converter dead time and the converter switches
characteristics. Other than that, the DC-offsets also can be caused by the inaccuracy of
analogue and digital signal conditioning, noise that appeared in the integrated signal and the
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offsets by the current sensors. This condition should not happen and must be avoided at all
times in the practical implementation. The work presented in [15] suggested a drift
compensation solution in order to achieve offset free of virtual flux estimation with the
determination to overcome the sensitivity of the system in case of grid frequency variation
occurs.

The other control strategies that have been proposed in order to avoid the drift and
saturation issues in the implementation of virtual flux estimation control include the
analogue and digital filters, adaptive integration and advanced estimation techniques. The
low pass filter with a crossover frequency particularly below the grid frequency is a common
approach in the filter based implementation of virtual flux estimation. The crossover
frequency value is normally to be one decade below the nominal angular frequency [15],
[198, 199]. This implementation gives more freedom to shape the frequency response.
However, a small phase error does appear in the system apart from the attenuation of the
amplitude. The amplitude attenuation will imply the DC-component, therefore the band pass
filters have been used to eliminate the DC-component in the estimated virtual flux signals
[200]. Another filter based method is two cascaded low pass filters with a crossover
frequency is equal to the nominal angular frequency [15]. The method presented in [15]
achieved a fast transient response and the amplitude as well as the phase angle
characteristics are correspond to a unity gain and 90° phase shift at fundamental frequency.
The control strategy presented in [200] somehow is an attractive filter-based strategies
compared to adaptive integration or more advanced estimation techniques.

Adaptive integration for estimating the flux has been presented by taking into account a
basis of ideal integrators incorporated with different types of feedback from the estimated
flux signals [17, 201-204]. In this kind of control, the main idea is to utilize the feedback
signal in order to retain centricity of the trajectory of the estimated flux in the stationary
reference frame [17].

The virtual flux estimation based control as presented in the previous studies [17, 112]
shows that the accuracy of the estimation of the grid voltage condition will depends on the
precision of the accessible filter parameters. As the filter configurations may involve the
resistive and inductive elements, the virtual flux estimation only involved in arithmetic
operations. Therefore, any deviations in parameters will not affect the stability of the
estimation structure but it will give an impact on the accuracy of the grid synchronization.
As a consequence, the accuracy of the active and reactive power at the PCC will be also
affected [19].

2.7.2 Positive and Negative Sequence Separation Techniques in Virtual Flux
Estimation Based Control in Stationary Reference Frame

Before going further to the analysis of the sequence separation techniques in VF
estimation based control, it is imperative to understand the two phase representation of the
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three phase variables. As the main results presented in this dissertation are based on the
stationary reference frame, af, the three phase variables will be simplified to an equivalent
set of two phase signals by using the Clarke Transformation [205]. This type of
transformation is common in grid synchronization and control of grid connected power
converters analysis. The transformation stated in (2.8) includes a separation of the three
phase abc variables into the af and 0 components.

)
X X
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173 2 2 | 2.8)
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2 2 2

The reverse transformation from a0 to the three phase abc signals can be obtained in (2.9).

1 0 1r
X, X
1B .
xb = —E 7 1 Xﬁ (29)
L 2 2

The positive and negative sequence components are important especially in unbalanced
analysis. The expression for calculating the positive and negative sequence component with
a generic variable x is given in (2.10) where g is the phase shifting operator that corresponds
to 90° delay from the fundamental frequency[12], [13], [160], [161].

x| 11 —q] %

xp| 2l 1] |%

Yo | 11 g%

Xg| 2[-q 1] |Xp
However, the required phase shift has been presented in several different methods. The
sequence separation based on low pass filters configuration has been presented in [160] in
order to find two phase shifted signals that can be used in the sequence separation. In [206]
and [207], the sequence separation presented is based on the Delayed Signal Cancellation
(DSC). The other implementation of ¢ by using the two cascaded low pass filter has been

presented in [15] where in [208], the sequence separation presented is made obviously for
online frequency adaptive by using the SOGI-QSG.

(2.10)
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2.7.3 Summary of Previous Contributions in Virtual Flux Estimation Based
Control that Served as the Main Reference of the Dissertation

The pioneer researcher on the VF estimation topic is Malinowski where the author starts
the research on VF estimation specifically for three phase PWM rectifiers application [18],
[198]. The work in [18] was improved in [20] with the used of space vector modulation and
a slow PLL is applied in order to track the positive sequence of the estimated VF. A further
comparative study was presented in [19] where the method in [186] was compared with the
performance of [18] and [20]. In [209], the notch filters and low pass filters were applied in
the Positive Sequence Synchronous Reference Frame (PS-SRF) in order to cancel out the
influence of negative sequence grid voltage components on the VF estimation.

In [15], the first study of VF based voltage sensor-less controlled taking into
consideration the estimation of both Positive and Negative Sequence Virtual Flux (PNS-
VF) components in the stationary reference frame was presented by Kulka. The VF
estimation was implemented by cascading two low pass filters with cut off frequency
identical to the grid frequency, produce a 90° phase shift for the VF estimation. The
development of an online frequency-adaptive VF based approach for voltage sensor-less
control of the grid integrated VSC under unbalanced condition was later studied in details
in [16, 17] and [113].

VF-based power control under unbalanced conditions, including strategies for operating
under current limitation was also analyzed in [17]. The voltage sensorless grid
synchronization was achieved by means of the frequency adaptive VF estimation, taking
advantage of the Second Order Generalized Integrator Configured as a Quadrature Signal
Generator (SOGI-QSG). The frequency adaptive Dual SOGI-based VF estimation (DSOGI-
VF) with inherent sequence separation was first proposed in [210] with the objective to
simplify the method used in [15] and to avoid cascaded flux estimation and sequence
separation that could lead to relatively slow transients. However, sequence separation of
current is needed in the work done in [16], [17], [21] and [113] since the current induced
flux needs to be subtracted separately for each sequence component once the positive and
negative sequence VF have been estimated.

The work presented in [112] is the extended version of the work done in [17] where the
VF estimation has been carried out considering that the inverter is connected to the grid
through the LCL filter. However, the work performed in [112] constitutes just an initial
analysis and it is only validated through simulation results.

2.7.4 Virtual Flux Estimation Based Control for VSC with L-Filter

Considering the structure shown in Fig. 2.11, a VSC is connected to the grid through the
L-filter as proposed in [16, 17] and [113]. In this configuration, VF estimation is utilized for
synchronizing the converter control system to the voltage conditions at the PCC. It should
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be noted that the VF estimation is based on the current measurement at the convertor side,
Leonv. The concept of VF is based on the voltage integral as stated in (2.11).

Y=V, .dt+¥, 2.11)

onyv

This concept is similar to the estimation method for voltage sensorless control of VSC as
proposed in [15], [18], [198], [200].

Grid Side
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s¢ Iconv R, Ly 7
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Fig. 2.11. An overview of the structure of VSC connected to the grid through L-Filter.

Based on the structure shown in Fig. 2.11, voltage at the grid side of the filter inductor,
Vrin the stationary reference frame can be described according to (2.12). Before integrating
the converter output voltage, the voltage drop caused by the conduction losses of the
converter and the primary filter inductor, represented by the equivalent resistance R;, should
be taken into account.

dlwnv,aﬂ
Vf’aﬁ(t) = (Vconv,aﬁ - Rl : Iconv,aﬁ’)_ [Ll ’ dt j (2.12)

The estimation of the converter output voltage is based on the multiplication of the pulse
width modulation reference signal, m,.; 45 with the dc-link voltage, Vpc. Considering
equation (2.11) and (2.12), the estimated VF at the PCC can be expressed by (2.13).

1
\Pf,aﬂ = .[[mre_'f,aﬂ 'EVDC _Rl 'Iconv,aﬂ Jdt_(l‘l : Iconv,aﬂ) (2.13)

Using the base values in (2.14), the per unit expression for VF at the grid side is given by
(2.15).

Vb = Vphase, Vb =2 Vb’ LIJh =" (2.14)

— ; : 2.15
l//f,a[)’ = Wy I (mref,aﬂ.vDC ! .lconv,aﬂ Jdl_(ll ' lconv,aﬂ) ( )
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The synchronization process is based on the DSOGI-FLL as proposed in [17, 113]. The
output of the FLL is the frequency, @ ' needed by the SOGIs. By using the DSOGI-FLL for
estimating the grid voltage, it is possible to avoid the issues related to the sensitivity of ideal
integration in (2.11) to drift and offset in the real implementation. Referring to Equation
stated in (2.2) and the structure of the SOGI-QSG in Fig. 2.3 (a), it can be understood that
and the quadrature output signal, gv’ corresponds to the VF integral of the bandpass-filter
signal v’ scaled by the per unit angular frequency as indicated in (2.16). According to [16],
this signal can be defined as the frequency scaled VF labelled as y.

' v 1 ' ' 1 ' ' '
W =0 Y =00V =0,y =y (2.16)

—_—
'
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As the virtual flux is the integral of voltage, the estimation of virtual flux components will
always be lagging the voltage by 90° phase shift. Considering the vector rotation, the
positive sequence component can be described by a clockwise rotating vector and the
negative sequence component will be in counter clockwise rotation. For sequence
separation, 90° phase shift is needed. This phase shift is already available from the direct
output signal v’ of the SOGI-QSG where in this regard, it leads the virtual flux signal by
90°. Considering that this signal is equivalent to the derivative of the VF, changing the sign
will make it correspond to a 90° phase lag [16, 17]. Thus, the per unit (p.u.) positive
sequence VF components can be described in (2.17) and (2.18) respectively.

1 ' 1 [}
2o (s) =@V als)+ v As) 2.17)

1o 1
25 (s)= Sav )+ als) (2.18)

Fig. 2.12 shows the positive and negative sequence of VF estimation for the case of
VSC is connected to the L-filter where the @, is the per unit frequency. The sequence
separation of current is shown in Fig. 2.13.
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Fig. 2.13. Sequence separation of the converter current.

2.8. Summary of the Chapter

This chapter has presented the state of the art for grid connected power converter control.
The main purpose of this chapter is to provide a background studies for the following
chapters. The state of the art of the Sensorless Control Strategies presented in Chapter 2.7
is really important to provide an understanding on the virtual flux based synchronization
control specifically for Chapter 3 and Chapter 4. However, the explanation on Chapter 2.7
is just focussing on the estimation strategies for the case of power converter connected to
the grid using the L-filter.



CHAPTER

3.

VF Estimation for VSC with LCL
Filter

a control of grid-connected power converter without depending on AC-voltage

measurements. For the case of VSC with LCL filters, the influence of the capacitor

currents must be taken into account to ensure an accurate VF estimation at the
PCC with the grid. In this chapter, three options for VF-based synchronization to the PCC
are studied and the positive as well as the negative sequence separation is taken into
account as part of the VF estimation. Estimation of the grid-side current is also included in
the VF-based synchronization strategy, in order to obtain an accurate voltage or flux across
the grid-side inductor. Since the VF estimation is implemented in the stationary reference
frame, PR current controllers will be used as the inner loop control of the VSC. A simulation
and experimental work of the proposed system will be presented in this chapter. As it will
be shown in both simulation and experiments, the VF estimation is reliable in estimating
the conditions of the grid-side voltage, and hence it can provide the basis for controlling
the active and reactive power injection without voltage sensors at the PCC and/or currents
sensors in the grid-side inductance of the LCL-filter. The chapter continues with an
overview of the proposed VF estimation for VSCs with LCL filter, including filter
configuration and the current reference generation. Then, the three investigated methods
for VF estimation with LCL filters are presented. Furthermore, the simulation cases are
presented and the obtained results are compared and discussed, before experimental
verification of voltage-sensorless VF-based control is presented in the last section.

T his chapter introduces a grid synchronization based on VF estimation that allows
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3.1 Overview of Proposed System

The case study that will be considered in this chapter is shown in Fig. 3.1. Based on the
structure, the capacitor current, I, cannot be ignored and should be included in the
estimation.

- EEL_Fi_lte_r - Zr PCC Grid Side

VSC [ -

lowi Ri L VR, L, | 720 N LR L \I
T i :
Voe J : G :
BT I :

I =

Fig. 3.1. An overview of the structure of investigated system.

,______

In this chapter, three possible methods of estimating the VF at the PCC are investigated.
The first method is based on the voltage sensorless control. In this regard, an estimation is
done without an additional sensor in the LCL-filter, where the capacitor current will be
estimated based on the estimated capacitor voltage, Vx The second possible method for
obtaining the capacitor current is based on using a voltage sensor to measure the capacitor
voltage, Vy which later can be used for estimating the capacitor current. Finally, the third
method implements the VF estimation by means of using a direct measurement of the
capacitor current.

In order to synchronize the VSC with the grid, the DSOGI-QSG with FLL is used. As
mentioned in Chapter 2, the VF corresponds to the integral of voltage. Therefore, an
instantaneous phase angle, y, lags the voltage phase angle by 90° for the fundamental
frequency signals. From the above statement, it can be understood that the voltage phase
angle, G, can be obtained by; y + 90° where %, = arctan (¥gp/%s4)- In this regard, the yqp
is the positive sequence of VF estimation at the PCC in beta component and y, . is the
positive sequence of virtual flux estimation at the PCC in alpha component. The main
principles of the DSOGI-QSG and FLL are similar to the ones that have been presented in
Chapter 2. The inner loop current control will be based on the PR current controller as
presented in Chapter 2.5. Therefore, the equation stated in (2.7) will be considered in both
simulation and experimental work.

3.1.1 Configurations of LCL Filter

This work contributes to the actual state of the art by means of designing an application
oriented to LCL filter-based configurations, which is broadly extended in the industry. In
this work, a passive damping has been considered for the LCL filter and, hence damping
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resistors are placed in series with the capacitor branch [211]. Considering the per phase
model of the LCL filter shown in Fig. 3.1, a passive damping has been included in the LCL
filter configuration of the study case in order to smoothen the spike that might appear when
considering only capacitive and inductive element of the filter. Based on the per phase
model in Fig. 3.1, the transfer function of the LCL filter can be described in two scenarios
which are with and without the damping resistor as given in (3.1) and (3.2) respectively.

C/‘Rds+1
Gr.q(s) = 3 ' 3.1)
LiCyLys” +Cp(LiLy)Rys® +(LLy)s

1
LiC Lys’ + (L + Ly)s

Gr(s)= (3.2)

These two transfer functions are used to compare the performance of the LCL filter with
and without the damping element. Fig. 3.2 shows the bode diagram of the transfer function
stated in (3.1) and (3.2).

Bode Diagram
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10° 10* 10° 108
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Fig. 3.2. Bode Diagram of the filter transfer function.

It can be seen clearly from the bode diagram that the magnitude of the spike is quite high
when the transfer function stated in (3.2) is considered. Based on the bode diagram shown
in Fig. 3.2, the overall response is smooth when considering a damping resistor. In this
regard, it can be seen that the response is rolling off to -180° instead of -270° for high
frequencies. This condition is more realistic to be considered in the practical
implementation.
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3.1.2 Current Reference Generation

In addition to the current controller and the VF estimation, it is also necessary to calculate
the set point to be provided to the current controller. The current set point, which is normally
known as current reference is the output generated by the outer loop controller. The current
reference generation is based on the power calculation where the active and reactive power
reference are also required. The positive sequence of the VF estimation at both alpha and
beta components will be used to calculate the current reference. Since the current is
controlled at the converter side, the capacitor current needs to be added with the current at
PCC in order to match with the current at the converter side. The current references in the
alpha and beta reference frame can be calculated by (3.3) and (3.4).

x Pref Xga+ + Qref "Xg.p+ . (3.3)
la - 2 + of ,a

Zg,a+ + Zg,ﬁ+
* | By Xopr * Oy Xgar | . (3.4)
p = 2 tlyp

zg,aJr + Zg,ﬁ+

3.2 Implementation of VF Estimation

3.2.1 First Method; Voltage Sensorless VF Estimation

As different from the classical grid synchronization approaches (based on processing the
grid voltage measurements), the concept of VF-based synchronization relies on the
estimation of the grid voltage conditions without any voltage sensor at the point where the
active and reactive power flow should be controlled. As similar to the implementation
presented in Chapter 2.7.4, the estimation depends on the measurement of the converter-
side currents, I.n. The three phase quantities of the converter output current are transformed
into the alpha-beta domain as shown in (3.5).

11 ‘
P B PO R I Rt (3.5)
=, . Iconv,b
Iconv,ﬂ 3 \/g \/g
0O — —— Iconv, ¢
2 2

Throughout this analysis, the converter current is denoted as I.on %. The capacitor current,
I; ¥in this case will be estimated based on the estimated capacitor voltage. In order to avoid
measuring additional currents, the grid current, I, “is obtained by subtracting the estimated



3.2. Implementation of VF Estimation 53

capacitor current, /s from the converter current, /.,. Considering the use of per unit
frequency, wp, in the estimation, the capacitor voltage in aff components can be obtained as
shown in (3.6) and (3.7) respectively.

v, (1) = [(VI ajdt + [(a)pu -, ) (imf (;))]j (3.6)
v, ()= ((VI ﬁ)dl‘ + [(a)p 1,)- (z (t))D (3.7)

Based on the equation stated in (3.6) and (3.7), the v!a/; is the compensated converter
output voltage. Fig. 3.3 shows the block diagram that permits to obtain the compensated
converter output voltage and the capacitor voltage estimation in af.

. g
Lcony

(a) (b)
Fig. 3.3. (a) Estimation of converter output voltage and compensation of voltage drop at R;; (b)
Estimation of capacitor voltage.

The compensated converter output voltage, Vfa/g in Fig. 3.3 (a) will be used later in the
integration in order to obtain the VF estimation in both positive and negative sequence. The
estimation of the capacitor voltage shown in Fig. 3.3 (b) is essential for obtaining the
capacitor current, since the proposed system is based on fully estimation and voltage
sensorless measurements. The estimation of the capacitor current based on the estimated
capacitor voltage is shown in Fig. 3.4.

Fig. 3.4. Estimation of the capacitor current based on the estimated capacitor voltage.
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In Fig. 3.5, the sequence separation of the converter and the integral of the grid current
are presented. In order to obtain the positive and negative sequence of converter current and
also to perform the integral of the grid current, four SOGI-QSG are used, where the
frequency value comes from the FLL. The configuration of the PNSC is similar to the
configuration presented in Fig. 2.12 and Fig. 2.13.
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Fig. 3.5. Sequence separation of converter currents and the grid current integral.

Considering the frequency-scaled VF, the virtual flux is expressed as y. The positive and
negative sequence of the virtual flux is shown in Fig. 3.6.
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Fig. 3.6. Positive & negative sequence of virtual flux.
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In balanced condition, only positive sequence of VF will be considered in the analysis,
hence the equations stated in (2.17) and (2.18) are valid to be considered in this estimation.
Without considering the positive and negative sequence separation, the virtual flux
estimation at the filter capacitor can be found using equation (3.8). In this regard, the ;(J,,,/; is
the DSOGTI virtual flux estimation in alpha-beta sequence. Since the DSOGI VF estimation
is the integral of compensated converter output voltage, vf,,,/;, it can be calculated as in Fig.
3.3 (a).

20 = Zi,ﬁ () =} ippprgp (1)) (3.8)

Considering only the positive sequence component, Fig. 3.7 shows the block diagram to
obtain the positive sequence of the capacitor current from the positive sequence of the VF
estimation at the capacitor.

Fig. 3.7. Estimation of positive sequence of capacitor current.

The estimation is continued with the compensation for the resistive voltage drop on the
virtual flux at the grid side of the LCL filter. Thus, influence from the resistive drop across
the R, must be subtracted from the VF estimation at the filter capacitor. This is obtained by
multiplying the integral of the grid current, J, with R. Before reaching the final estimation
at the grid side, the induced flux drop at the grid side must be also subtracted. The induced
flux drop can be calculated by multiplying the sum of L, and Lr with the PNSC of grid
currents. In this work, the L7 is considered as the transformer leakage inductance and the
value of L7 is based on 6% of the base impedance value. The resulting VF estimation is
given by (3.9).

2 = ey (9

where:
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e B (3.10)

3.2.2 Second Method; VF Estimation with Voltage Sensor at Filter
Capacitor.

Since one of the advantages of the utilization of VF estimation is to synchronize a control
system to a different remote points in the grid, it is reasonable to have a sensor to measure
the capacitor voltage, V. The presence of a voltage sensor permits to check the existence of
voltage in the network and to simplify the connection as well as the start-up of the converter.
The active and reactive power at a remote point can still be controlled on a basis of the VF
estimation. This can be possible as long as the LCL parameters, duty cycle and converter
output current are known. In a practical implementation, the voltage sensors normally
included in the LCL filter configuration. The voltage sensors in this case is mainly used to
obtain the capacitor voltage and later estimate the capacitor’s current. This voltage
measurement is a stable output and it will contribute positively to carry out a good
estimation of the virtual flux at the PCC. However, when combined with VF estimation-
based on the 1* method, the synchronization method can also maintain operation and could
be more reliable in case of voltage sensor failure. The method for obtaining the capacitor
current is the same as the one described previously in Fig. 3.1. As different to the method
described in Chapter 3.2.1, the capacitor voltage is measured using the voltage sensor.
Therefore, the expression given by (2.12, 2.13, and 3.8 - 3.10) are still valid for obtaining
the resulting VF estimation in the second method.

3.2.3 Third Method; VF Estimation with Additional Current Sensor to
Measure Capacitor Current

In this method, the current sensor is used to measure the capacitor current, /. directly.
Following the same implementation as in the previous two methods, the estimation of the
converter output voltage as well as the positive and negative sequence component of the
virtual flux estimation is based on the schemes from Fig. 3.3 (a) and Fig. 3.6. The only
difference in this case is that the block diagram of the capacitor current estimation in Fig.
3.4 is not necessary because the capacitor current is obtained by direct measurement using
an additional current sensor. In this case, the capacitor current will be separated in positive
and negative sequence component so that another two sets of SOGI-QSGs and PNSC blocks
will be required. The implementation of sequence separation for the capacitor current is the
same as the sequence separation of converter current shown in Fig. 2.13. The grid current
integral is still necessary, since this current is also included in the VF estimation. By
following the same approach used in the previous methods, the grid current is obtained by
subtracting the capacitor current from the converter current before it is integrated to obtain
the PNS. In this method, the expression described in (3.9) is still valid for obtaining the
estimated VF at the PCC.
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3.3 Simulation Results of VF Estimation

Based on the structure of the investigated system shown in Fig. 3.1, an overview of the
complete configuration for the simulation studies is shown in Fig. 3.8.
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Fig. 3.8. Simulation Setup.

In this work, the 10 kHz sampling frequency is selected to work with the 10 kVA
converter. This switching frequency is the most common working in this range of power as
it has a good trade-off between passive sizing, ripple obtained and losses dissipated. If the
switching and sampling is higher, the proposed solution would still work well. The
increasing speed of microprocessors permits it to fit the VF algorithm in the pipeline. In the
case of this chapter, even the code is not optimized, the code is executed in less than half of
a cycle. The simulation has been carried out for all the three methods that have been
proposed in previous section. The parameters are listed in Table 3.1. The design parameters
are based on a 10 kW real power converter setup that will be later used in the experimental
validation. The simulation studies have been conducted for two different scenarios.
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Table 3.1. Simulation Parameters.

Abbreviation Nomenclature Values
SN Rated Apparent Power 10 kVA
Ve Phase to Phase Grid Voltage 400V
Ve Phase Voltage 230V
Vbc dc-link Voltage 700 V
Ligbe) Inductor, L; 3.4 mH
L2abe) Inductor, L> 588 uH
Lrgabe) Inductor, L1 35.28 uH
Cilabe) Filter Capacitor 4.7 uF
Raabe) Damping Resistor 1.8Q
Sfow Switching Frequency 10 kHz
Js Sampling Frequency 10 kHz

3.3.1 Active and Reactive Power Injection

The transient and steady state response of the system are monitored using the three VF-
based control methods when the active power and reactive power reference is set to, P =
10 kW (1 p.u.) and Q,.r= 0 kVar (0 p.u.). The value of K, = 7 and K,=19 are used in both
simulation and experimental. A step in the references from zero is applied at t = 0.1s and
the collected results are presented in the time domain in p.u. values. As it can be seen from
Fig. 3.9, the performance of all the three methods is good. In Fig. 3.9 (a), the tracking
capability of the PR current controller is verified, as the system is able to follow the current
reference generation almost immediately when the reference step has been applied, for all
the three methods. The converter currents show no transients overshoot, however in the
third method, where the capacitor current measurement is involved, there is a noticeable
noise in the current. The noise in the reference is due to the measured noise.
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Fig. 3.9. Simulation Results. (a) Tracking capability of the proposed system, (b) Virtual flux
estimation at the PCC, (c) Active and Reactive Power Injection.

These results also confirm that the PR current controller used in the proposed system is
able to eliminate the tracking error and achieve zero error during the steady state. The
positive sequence of VF estimation, shown in Fig. 3.9 (b), produces a balanced sinusoidal
voltage with the beta component lags the alpha component by 90°. Based on the results
obtained, it is proven that the precise parameters of the connection filter, as well as a good
current measurement are crucial to ensure a good estimation of the grid voltage, which is
essential for controlling the active and reactive power injected to the grid at the PCC.

However, in the case of the 3™ method, placing a current sensor for measuring directly
the capacitor current has been shown to be a less preferable solution, because the ripple
current in the capacitor is very large compared to the fundamental frequency component.
Therefore, noise and ripple components might be transmitted into the control system and
depreciate the performance of the VF estimation. This statement is referred to the plot
shown in Fig. 3.9 (b) where it is clearly seen that the VF estimation at the PCC for the third
method is a little bit less compared to the VF estimation shown in the case of first and second
method.

In Fig. 3.9 (c), the values of active power in the time domain matches in all cases with
the active power reference. Moreover, the proposed synchronization strategies are able to
ensure that the active and reactive power injection to the grid is accurately controlled with
only small overshoot in the measured reactive power occurring during the start-up for all
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the three cases. However, the overshoot is quickly compensated, and the system reaches its
steady state at approximately at t=0.103 s. As it can be seen in the plot shown in Fig. 3.9
(c), the active power measurement for the case of the third method is slightly lower
compared to the active power reference that has been set. This is due to the affected virtual
flux estimation at the grid side as shown in Fig. 3.9 (b).

3.3.2 Changes in Active and Reactive Power

Different values of active and reactive power references have been set in order to
demonstrate that the system is still working well when different values of active and reactive
power are injected to the grid. Based on the results obtained in section 3.3.1, the first method
based on voltage sensorless and also the second method with voltage sensor to measure the
capacitor voltage are promising. Thus in this section, the change in active and reactive
power is only considering the first and the second method. For the 1% method, the active
power reference, Prr= 0.9 p.u. and the reactive power reference, Qrr= 0.45 p.u. In the 2™
method, the Per= 0.8 p.u. and Q,.r= 0.2 p.u. The simulation results for the different values
of active and reactive power injection are shown in Fig. 3.10.
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Fig. 3.10. Different injection of active and reactive power.

As per results shown in Fig. 3.9, the proposed system is able to control the active and
reactive power precisely. In general, the results show a reliable accuracy of VF estimation,
since the synchronization with the grid and the equivalent control of the active and reactive
power injection to the PCC is based on the VF signals. By using the DSOGI-FLL in the VF
estimation, the system is inherently adaptive to frequency variations and it is able to provide
a very fast response. Based on the results obtained in Fig. 3.10, the propose systems are able
to control the active and reactive power injections very well and this capability is very
important for the system to respond to the variation of voltage and frequency.
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3.4 Experimental Validation

The experimental setup used for the final validation is shown in Fig. 3.11. The system
consists of a 10 kVA inverter which is connected to a three phase ac power source through
a LCL filter. The inverter is powered by a dc-power supply that provides a 700 V dc-link
voltage. The controller of the whole system is embedded in a dSpace1103 platform, which
controls the switches of the converter through fibre-optic links.

Rectifier LCL Filter Grid Side

\

Grid Emulator &| | Rg  Lg I
Sag Generator [ |
Device I |

| |

| |

|
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g Trnsiomer_fi

dc-source
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Fig. 3.11. (a) Block diagram of the experimental setup, (b) Experimental setup in the lab.

The block diagram of the system configuration is shown in Fig. 3.11 (a) and the
experimental setup in the lab is shown in Fig. 3.11 (b). Considering the parameters listed
in Table 3.1, the experimental validation has been carried out and the results have been
structured into the SCADA layout. The SCADA layout is built using the control desk
application of dSpace 1103. In the experimental validation, the overcurrent protection also
includes an anti-saturation block, therefore the current will be always in the non-saturated
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range. The saturation of the current should be avoided in the practical implementation
because it may produce a current distortion larger than the expected. In any case, this
limitation is also necessary in real power converter, as the THD should be lower than 3-4%
in order to comply with the harmonic emission standards.

Considering the VF estimation methods explained in section 3.2, the approach without
additional ac-side voltage or current sensors requires a more complex structure for practical
implementation compared to the second and third method. As this method is relying on the
converter output current as the only ac-side measurement, it is also considered as the most
challenging one from the practical implementation point of view. If this method works well
in the experimental platform and provides similar results as obtained from the simulation,
it can be assumed that the performance of second and third method can be assessed
according to the simulation results. Thus, only results from experimental verification of the
first method will be presented in this chapter.

3.4.1 Active and Reactive Power Control
The value of K, and K, used in the experimental setup are the same as the ones used in

the simulation. The plots in Fig. 3.12 show the experimental results where a power step of
0.8 p.u. (8 kW) of the active power reference has been applied.
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Fig. 3.12. Experimental results captured from control desk, (a) The plots of VF estimation at the
grid side, (b) The tracking of converter currents.

The objective of this test is to investigate the performance of VF estimation and the inner
loop control in the experimental implementation. In this experiment, the reactive power
reference has been set to 0 p.u. (0 kVar). It should be noted that the results obtained in Fig.
3.12 are captured from the control desk of dSpace application and the values shown are the
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real ones appreared on the control desk. Both signals show that the VF estimations at the
grid side are free from the ripple and distortion. In these plots, it is proven that the VF based
synchronization method works fine enabling the system to estimate the grid voltage for
controlling the current. As shown in the plots, the inner loop control also works as it is
required. The converter current is able to track the reference perfectly as shown in Fig. 3.12
(b). The proposed system tracks the reference with a fast dynamic response and has a zero
steady state error. The quality of current reference generation plays an important role in the
current tracking performances. The current reference generation depends on the estimation
shown in (3.3) and (3.4). Therefore, the quality of VF estimation at the grid side in Fig. 3.12
(a) is very important because it will be essential in the calculation of current reference. In
the case of voltage sensorless method, the capacitor current has been estimated based on the
estimated capacitor voltage. Since there is no direct measurement of capacitor current, the
reference current generation is free from the measurement noise, hence it produces a nice
sinusoidal current in alpha and beta components. These results are very significant as any
deviation in the estimation would affect the active and reactive power control.
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Fig. 3.13. (a) Active power measurement, (b) Reactive power measurement, (c) Steady state error
of PR current controller.

In Fig. 3.13 (a) and Fig. 3.13 (b), the control of active and reactive power has been
presented. It is clearly seen from the plots that the active and reactive power measurement
match well with the active power and reactive power reference, proving thus that the
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proposed system is able to control both active and reactive power without any errors in
experimental implementation. The results also confirm that with a stable value of the filter
parameters, the accuracy of the VF estimation is ensured, providing a good basis for
controlling the active and the reactive power at the PCC. The steady state error shown in
Fig. 3.13 (c) proves that the PR-current controller is working very well and capable to
eliminate the steady state error.

3.4.2 Change in Active and Reactive Power Injection

Another test with different values of active power injection was carried out in order to
observe the performance of the proposed system. The results obtained in this case are shown
in Fig. 3.14, where it can be seen that the reference step change has been set to 1 p.u. and
0.8 p.u. respectively.
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Fig. 3.14. Change in active and reactive power. (a) Active power measurement with reference step
of 1 p.u., (b) Active power measurement with reference step of 0.8 p.u., (c) Change in reactive
power measurement when reference step is applied from 0 to 0.4 p.u. while the active power is 0.7

p.u.
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By observing the results shown in both Fig. 3.14 (a) and Fig. 3.14 (b), it can be concluded
that the proposed system is able to control the active power perfectly without any noticeable
overshoot in the transient response. Thus, the VF estimation and the active power control at
the grid side are working properly. Change in reactive power is shown in Fig. 3.14 (c¢) with
a reference step from 0 to 0.4 p.u. Based on this plot, the system is also capable to control
the reactive power injection. The instantaneous power theory has been used to measure the
active power, without including any filter. This is the reason why the power had a small
ripple due to the inherent noise in the acquisition system boosted by the relatively high
impedance of the experimental grid. However, the harmonic content in the current is below
2% (while up to 4% is admitted) and the performance of the overall controller is not affected.
Moreover, this ripple could be considered as a proof that the system is able to work even if
the sensing is not perfect or if the voltage is affected by some distortion.

It is important to observe the frequency and knowing the voltage magnitude at the point
of connection to ensure a secure operation of the whole system. In AC network, the
frequency should be ideally maintained as it is the most important global magnitude. In case
of the frequency variations, the proposed system must be able to regulate the active power
by increasing/decreasing the power when the frequency decreases/increases. In this work,
the system frequency used is 50 Hz. Fig. 3.15 shows the injection of active and reactive
power.
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Fig. 3.15. Experimental result captured from the oscilloscope. (a) Injection of active power when
reference step is from 0 to 7.5 kW (0.75 p.u.), (b) Injection of reactive power when the step
reference is from 0 to 6kVar.

In Fig. 3.15 (a), the step reference has been applied from 0 to 7.5kW (0.75 p.u.). As seen
in the plot, the system works well without any obvious transient overshoot during the
injection of active power. In Fig. 3.15 (b), the reactive power is injected to the system with
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a step reference from 0 to 6 kVar. In an electrical system, the magnitude of the voltage is
controlled by the reactive power exchange. Any discrepancy between the supply and
demand will give rise to a change of system voltage. The reactive power flow to be injected
or absorbed in the line and vice versa is defined by the voltage gradient across the
transmission line.

3.5 Summary of the Chapter

It can be summarized that, the VF based control for the case of VSC with LCL filter has
been presented in three different methods taking into consideration the used of DSOGI-
QSG into the estimation of VF. All the proposed methods have been investigated in both
simulation and experimental studies. Based on the presented analysis, it is proven that the
VF estimation based on either voltage sensorless operation or capacitor voltage
measurements provide a reliable output compared to estimations using capacitor current
measurements. VF estimation based on voltage sensorless operation can reduce cost,
however for most practical implementations voltage sensors for measuring the capacitor
voltage are essential to ensure safe and reliable operation. A highly dependent voltage
measurement provides a stable output, thus contributing to a good estimation of virtual flux
at the PCC. With a high consistency of VF estimation at PCC, detection of load imbalance
is possible. Placing a current sensor to directly measure the capacitor current is not a good
choice in a real implementation since the ripple current in the capacitor will attenuate the
current flowing in the capacitor and deteriorate the performance of the VF estimation.



CHAPTER

4.

Remote Power Control Strategy
based on VF Approach

enewable Energy Source (RES)-based power plants need to control the active and

reactive power at the PCC with the grid, in order to comply with the requirements

of the TSOs. This point is normally far away from the power converter station, and

the cables as well as the step-up transformers have a non-negligible influence on
the delivered power. In order to overcome this drawback, this chapter presents a control
algorithm that permits one to control remotely the power injected at the PCC, by adjusting
the local controller of the VSCs. As the same as the previous chapter, the synchronization
with the grid is done based on the VI concept. The results reveals that the VF estimation is
able to produce a reliable estimation of the grid voltage in any point of the network, and
makes it possible to calculate the necessary current reference for injecting a desired active
and reactive power at a point that can be some kilometres away. In this chapter, the main
principle for this remote power control is presented. Likewise, the simulation and
experimental results will be shown in order to analyse the effectiveness of the proposed
system.

4.1 Proposed Method of Remote Power Control Strategy

An overview of the system that will be considered as the case study in this chapter as
shown in Fig. 4.1. As the same as previous chapter, the LCL filter will be considered due to
the fact that it provides a good filtering response while optimizes the overall size and
dimensions of the filter. The point of synchronization in previous works is normally located
at the primary of the transformer, 7' as shown in Fig. 4.1. As a difference, in this chapter,
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the VF estimation point is considered to be after the transformer, 75, which contributes to
the uniqueness of this work, as the grid impedance is also considered in the VF estimation.
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Fig. 4.1. Overview of proposed remote power control strategy.

The VF estimation enables to calculate the power at any point in the network and built
controllers to regulate the active and reactive power delivery. Therefore, the VF estimation
can regulate the active and reactive power not only at the output of the converter, but it is
also possible to regulate the active and reactive power at the connection transformer that
interfaces a plant with the main grid. Normally the connection point with the electrical
company is far away from the converter. At this point, it is necessary to guarantee the cos
phi required by the electrical company in many cases, hence the control proposed in this
chapter permits to regulate the active and reactive power delivery in a remote point. The
fact of controlling the power in a remote point is relevant as the standards requirement is to
regulate the power at the connection point, which is not necessarily the output of the grid-
side converter.

4.2 VF Estimation at the PCC

Since the implementation of the VF estimation with LCL filter is similar to the previous
section, thus the equation stated in (3.5) - (3.8) as well as the figure shown in Fig. 3.3 - Fig.
3.7 is still valid to be considered. Since the effectiveness of the DSOGI-QSG and FLL to
synchronize the VSC with the grid has been proven in the previous chapter, therefore, the
implementation of VF estimation in this chapter will also take into consideration the used
of DSOGI-QSG and FLL. As the performance of the PR current controller in the previous
chapter is really good in the practical implementation, hence the PR current controller was
used to accommodate the inner loop control of the VSC in this chapter. In this regard, the
implementation of the PR current controller is still based on the transfer function stated in
(2.7). The current reference needed for the PR current controller is based on the equation
stated in (3.3) and (3.4) where in this regard; the virtual flux at the grid side is the estimation
according to (4.1).

The estimation of the converter output voltage as well as the capacitor voltage can be
calculated as the same implementation shown in Fig. 3.3. Since the capacitor current will
be estimated based on the estimated capacitor voltage, therefore, Fig. 3.4 is still relevant to
be considered in this work. However, the estimation at the grid side will have some
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differences. Different from the work presented in Chapter 3, the voltage drop at the grid
side is determined by multiplying the added value of R, and R, with the integral of the grid
current, 9,%. The inductive fluxes drop at the grid side has been considered by multiplying
the grid current by the addition of L, L7, L and Lz. The values of Ly and Ly, are the 3%
of the transformer base impedance, namely Zr and Zy» (the rated power of the transformer
T and 7> are 20 kVA). The resulting positive sequence of VF estimation at the grid side in
the stationary reference frame shown in (3.9) can be extended to (4.1) while considering the
configuration shown in Fig. 4.1.

X (0) = 2P (O = (1 + 1) 9P (O = (L + Iy +1g +17y) - i) 3D

The positive sequence coming from the virtual flux estimation at the grid side in (4.1) is
shown graphically in Fig. 4.2.
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Fig. 4.2. Virtual flux estimation at the grid side.

As difference to the previous estimation shown in (3.9), the grid impedance has been
included into the final estimation of the virtual flux. The active and reactive power
measurement for both simulation and experimental are based on (4.2) and (4.3) respectively.
In this regard, the positive sequence of the VF estimation at the grid side will be used to
calculate the active and reactive power.

P=Z§+'iﬂ—)(§+'ia=—ll'i (4.2)
q=2g i, =yl iy =g +3)

where L is a set of signals that are lagging the original by 90° as the same implementation
shown in [17]. As it has been previously mentioned, this work contributes to the actual state
of the art by means of designing an application oriented to LCL filter-based configurations,
which is broadly extended in the industry. Considering the per phase model of the LCL filter
shown in Fig. 4.1, the transfer functions in (3.1) will be used in this work. The LCL-filter
parameters and other operating nominal values used for both simulation and experimental
studies are listed in Table 4.1.
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Table 4.1. System Parameters for both Simulation and Experimental

Abbreviation Nomenclature Values
Sy Rated Apparent Power 10 kVA
Ve(p-p) Phase to Phase Grid Voltage 400V
Ve(p) Phase Voltage 230V
Vbc DC-Link Voltage 700 V
Liabe) Inductor, L1 3.4 mH
Laabe) Inductor, L 0.588 mH
Lg(abe) Grid Inductance, Lg 10 mH
Cilabe) Filter Capacitor 4.7 uF
Reaave) Damping Resistor 1.8Q
Jow & fs Switching & Sampling Frequency 10 kHz

4.3 Simulation Results

Based on the system overview shown in Fig. 4.1, the complete proposed method used for
performing both the simulation and experimental analysis is shown in Fig. 4.3.
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Fig. 4.3. Structure of the study case considered for the simulation and the experimental
validation.
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The system parameters listed in Table 4.1 are the ones used for both simulation and
experimental studies. Considering the parameters listed in Table 4.1 and the proposed
method shown in Fig. 4.3, the simulation has been done considering different scenarios.

4.3.1 Simulation Results at the Point After T,

In order to evaluate the controllability of the proposed control, the first test is oriented to
evaluate the performance of the system when tracking the active power after the point 77,
while the second test is focused on evaluating the performance of the system after the point
of 7> which is also the PCC according to Fig. 4.1. The first test is permitted to ensure that
the system is working properly before the entire system is simulated. The reference step
changes have been made and the results for the first test considering the per-unit values are
shown in Fig. 4.4.
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Fig. 4.4. Simulation results (a) Positive sequence of VF estimation after transformer, Ti, (b)
Tracking capability of the system of the current controller, (c) Active & reactive power injection
to the grid.

The power reference step is performed at # = 0.1s. The system is simulated from 7= 0.1s
until # = 0.6s. The proportional gain, K, and the resonant gain K, used in the simulation are
set to 7 and 19 respectively. The plot in Fig. 4.4 (a) shows the positive sequence of the VF
estimation after the transformer 7. As similar to the plot shown in previous chapter, this
simulation proves that the voltage sensor-less system is working well, as the positive
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sequence VF estimations have been obtained without the need of measuring the grid voltage.
The alpha and beta component of VF estimation have the same amplitude of the beta
component but lagged 90°, what endorses the VF calculations. The PR current controller
used in the inner loop still provides a very fast and good response. In fact, the converter
current is able to follow the reference very fast, as it is shown in Fig. 4.4 (b). The active
power reference, P,.rhas been set to 1 p.u (10 kW) while the reactive power reference, Q.
is set to zero. In the Fig. 4.4 (c), it can be seen that the measured active power and the
reactive power matched with both power references.

4.3.2 Simulation Results at the PCC

The second test is focused on testing the remote power control. Since the VF estimation
in this test is considered after the transformer 75, it is important to make sure that the output
of the VF estimation is perfect without any phase displacement. The power reference step
applied in this simulation is performed at # = 0.1s and the power is stepped down to zero at
t = 0.4s in order to observe the performance of the system during the transient as well as in
the steady state. As per the first test, the active power reference, P has been set to 1 p.u
(10 kW) while the reactive power reference, QO is set to zero. The simulation results for
the proposed system are shown in Fig. 4.5.
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Fig. 4.5. Simulation results. (a) VF estimation at the PCC, (b) Current reference generation and
converter current, (¢) Active & reactive power reference and measurement.
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Based on the simulation results obtained in Fig. 4.5 (a), the estimated virtual flux positive
sequence is able to properly estimate the grid voltage conditions. The findings highlighted
that the estimation performed by the DSOGI-QSG with FLL works accurately, as the
positive sequence components of the virtual flux matches quite well with the value of the
line-to-line voltage of the grid. The performance of the PR current controller is one of the
important issues in this work because without a proper control, the tracking error will be
attained during the steady state condition. However, based on the results shown in Fig. 4.5
(b), it can be concluded that the performance of the proposed control is very good, as the
converter current is able to follow the reference without any errors and phase displacement.
By referring to the results shown in Fig. 4.5, the proposed system is able to produce good
results as long as the required parameters are available during the estimation. With reference
to the measured active and reactive power is shown in Fig. 4.5 (¢), it can be concluded that
the proposed system is able to properly control the power at the remote point. Based on the
results shown in Fig. 4.4 (c) and Figure Fig. 4.5 (¢), a transient overshoot occurs when the
step was applied at = 0.1 s. However, this overshoot is soon attenuated and the system
reaches its steady state at # = 0.105 s. However, this transient overshoot does not have any
significant impact in the active and reactive power injection to the grid.

4.3.3 Change in Active and Reactive Power Injection to the Grid

The performance of the system presented as shown in Fig. 4.1 when different values of
active and reactive power should be delivered to the grid will be analysed in this sub-
chapter. In doing so, different step changes in both active and reactive power have been
applied in order to ensure that the system is able to control remotely the active and reactive
power injection. The performance of the system in these scenarios as shown in Fig. 4.6.
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Fig. 4.6. Different step changes in the active and reactive power reference. (a) Step change of 0.8
p. u in active and 0.2 p. u in reactive power, (b) Step change of 0.7 p. u in active and 0.4 p. u in
reactive power.
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4.3.4 Change in Active and Reactive Power Injection Using Different Values
of Grid Inductance.

A different scenario of active and reactive power injection has been captured in Fig. 4.7,
where different values of grid inductance of 20 uH and 20 mH have been used. In all cases,
the active power reference is set to 1 p.u and the reactive power reference is set to 0 p.u.

Grid Inductance = 20mH

I Longer settling time

I Almost immediately

Active
Power (p.u)

0.05 0.1 0.15 0.2 0.25 0.3 0.05 0.1 0.15 0.2 0.25 0.3
Time (s) Time (s)
mmmm Reference Power

I Active Power Measurement
(a) (b)

Fig. 4.7. Active power response when using different values of grid inductance. (a) With grid
inductance of 20uH, (b) With grid inductance of 20mH.

In the first scenario as shown in Fig. 4.7 (a), the grid inductance used is 20 pH. In the
second scenario shown in Fig. 4.7 (b), the grid inductance value used in the simulation is
20 mH. In real applications these values are mainly calculated from the impedance of the
transformers and the effect of the cables, although the second one has a much lower
influence. Considering the results obtained in Fig. 4.7, it can be concluded that the system
has a good performance. All the results show a perfect tracking between the delivered active
and reactive power and the corresponding references. The transient performance is also
satisfactory in both cases, however, as expected, the lower the grid inductance used, the
faster the settling time and steady state can be reached compared to the higher values of the
grid inductance.

4.4 Experimental Results

The same experimental setup presented in Fig. 3.11 (b) will be used for the final
validation, hence, the 10 kVA inverter is connected to a controlled 230 V phase-to-phase
(400 V line-to-line), 50 Hz three phase AC power source through the LCL filter. The
programmable dc power supply provides a 700 V dc-link and the proposed control method
has been programmed on a dSpacel103 platform (dSPACE Inc., Wixom, MI, USA). The
converter, filter as well as the transformer are located in the converter cabinet. In this study,
the block diagram of the experimental setup shown in Fig. 3.11 (a) is modified and presented
in Fig. 4.8.
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Fig. 4.8. Block diagram of the experimental setup.

As for the experimental investigation, the “grid emulator-voltage sag generator device”
has been used for setting a grid inductance value of 10 mH. It is important to remark that
the layout of the experimental setup has the same structure of the one used in the simulation
analysis presented in the previous section. Moreover, in the experimental setup, it has the
same parameters as the ones provided for the simulation, which are listed in Table 4.1. In
this workbench the active and reactive power references can be changed easily and the
values of measured as well as estimated signals can be easily plotted and captured by using
SCADA system which is built using the Control Desk application of dSpace.

4.4.1 Performance of VF-based Controller

The first step of the experimental validation will be focused on testing the performance
of the VF based controller, which is now running on dSpace. This first test permits us to
evaluate whether the digital implementation of the controller works properly or not. Since
the proposed system has been tested in the simulation, the experimental result obtained here
is the verification that the proposed method works well in a real platform. As it is shown,
the performance achieved is satisfactory and the pipeline of the controller is ensured
working at the sampling frequency of the DSP which is embedded in the dSpace. At a first
test, the value of the resonant controller is changed in order to carry out a preliminary
evaluation of the transient performance. This scenario can be observed in Fig. 4.9.

The waveforms of grid voltages and converter currents have been captured when the
reference power has been boosted up from zero to 7 kW (0.7 p. u). In Fig. 4.9 (a) and (b),
the K, and K, value has been set to 7 and 70 respectively. When the step has been applied,
there is transient overshoot occurred on the current even though the system is stable in both
open and closed loop.
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However, when the resonant gain is reduced for instance to 19, this transient overshoot is
eliminated as shown in Fig. 4.9 (c) and (d) improving thus the performance of the system.
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Fig. 4.9. Experimental results captured from the oscilloscope. (a) Experimental results of grid
voltages and converter current when K, = 7 and K, = 70, (b) Zoom in version of the grid voltages
and converter currents shown in (a), (c) Experimental results of grid voltages and converter current
when K, =7 and K, = 19, (d) Zoom in version of the grid voltages and converter currents shown in

(c).

4.4.2 Control of Active Power Delivery

The main objective of this work is to control the active and reactive power injection
remotely, monitoring the frequency and knowing the voltage magnitude at the point of
connection. It is very important in order to ensure a secure operation of the whole system.
Theoretically, in an electrical system, the magnitude of the voltage is controlled by the
reactive power exchange. Based on the understanding that any mismatching between the
supply and demand will give rise to a change of system voltage, the voltage gradient across
the transmission line defines the reactive power flow to be injected or absorbed in the line
and vice versa. This is the reason why the positive sequence VF estimation is so significant
and important for controlling the reactive power remotely. In Fig. 4.10, the results captured
from the oscilloscope are shown when 9.5 kW (0.95 p. u) are injected to the grid.

The result shown in Fig. 4.10 prove that the proposed system works properly. Since the
frequency is the most important global magnitude in AC network, it should be ideally
maintained by all the interconnected elements in a cooperative manner. It is understandable
that in case of the frequency variations, regulating the active power is essential,
increasing/decreasing the power when the frequency decreases/increases. In this work, the
system frequency used is 50 Hz.
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Fig. 4.10. Experimental results captured from the oscilloscope.

When the step reference has been applied, the system works well without any transient
overshoot, as shown in Fig. 4.11.
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Fig. 4.11. Grid voltages and currents when the step reference from 0 to 10kW (1 p. u) has been
applied.

A different value of purely active power reference has been injected to the grid and the
experimental results captured from the control desk are shown in Fig. 4.12. The active
power reference step has been applied from zero to 7 kW (0.7 p. u) in Fig. 4.12 (a) and 9
kW active power reference has been set in Fig. 4.12 (b). The system is working well and
the system has reached its steady state condition at t = 0.02s. In this test, the reactive power
measurement in the two cases shown in Fig. 4.12 are equal to zero, which matches with the
value of reactive power reference that has been set in the experiments.
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Fig. 4.12. Injection of purely active power. (a) Results captured from the control desk when power
reference is set to 7 kW (0.7 p. u); (b) Results captured from the control desk when power reference
is set to 9 kW (0.9 p. u).

4.4.3 Control of Reactive Power Delivery

In these case studies, the reactive power reference step of 6kVar (0.6 p. u) has been
applied in order to see the behavior of the system at both transients and steady state
condition. It can be concluded from the plots, a very smooth transient state condition of the
reactive power injection can be seen in Fig. 4.13.
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Fig. 4.13. Purely reactive power injection.

It is also clear that the voltages and currents are not in phase when reactive power has
been injected. It can be seen that the converter current, I1 lags the grid voltage, U1 by almost
90°.
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Considering that the system is working at SOHz fundamental frequency, the time for one
full cycle is equal to 20ms. Since one full cycle is equivalent to 360°, AX = 4.95ms is
considered as 89.1° phase lag ((360° x 4.95 ms) /20ms).

In Fig. 4.14, the experimental results captured from the control desk considering different
values of active and reactive power injections to the grid have been presented. The reactive
power reference step has been applied in order to see the behavior of the system at both
transients and steady state condition. It can be concluded from the plots; a very smooth
transient state condition of the reactive power injection can be seen.
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Fig. 4.14. Injection of reactive power: (a) Step change from 0 to 2 kVar when active power injection
is 8 kW; (b) Step change from 0 to 4 kVar when active power injection maintains at 8 kW.

Based on the simulation and experimental results shown in this chapter, it can be
concluded that the proposed system based on the VF-based synchronization is able to
control the injection of active and reactive power to the grid. In general, the presented results
at both simulation and experimental validated the accuracy of VF estimation, since the
synchronization with the grid and the corresponding control of the active and reactive power
injection to the PCC is based on the VF signals. All the parameters involved in Chapter 3
and Chapter 4 are easy to control and change by considering the control desk application.
In this regard, it is also easy to control the injection of active and reactive power and
monitoring the behavior of other signals. Fig. 4.15 shows the screenshot of the control desk
application.
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Fig. 4.15. Control Desk Application.

4.5 Summary of the Chapter

In summary, this chapter presented the control strategy based on virtual flux approach to
control the active and reactive power injection to the grid remotely. As the point of common
connection is not after the second inductor of the filter, the parameters of the grid needs to
be considered in the virtual flux estimation. With the configurations shown in Fig. 4.1 and
the results presented in both simulation and experimental, the active and reactive power can
be controlled remotely as long as all the parameters needed are available and the
measurement of the current is good.



CHAPTER

S.

Virtual Synchronous Flux Controller
(VSFC)

his chapter presents a VSFC as a new control solution for the grid connected

power converter. Taking into consideration the virtual flux approach, this

control strategy could provide an inherent synchronous connection with the

grid without the need of having any additional synchronization system. Its

advanced synchronous behavior enables the controller to comply with the
grid code requirements. VSFC proposes Magnetic Controller in the inner control loop of
a grid connected power converter which in this regard, the controller is responsible to
generate the modulation reference to the converter. The proposed system is an alternative
to the classic current control, as it is based on controlling an output flux in the power
converter. It derives from the main idea that grid connected power converter can be
controlled as a virtual synchronous generator where flux is a variable to control the
operation. The main concept of the VSFC as well as the experimental results will be
presented to validate the effectiveness of the proposed system. The remaining part of the
chapter is organized as follows: In the first section, there is an overview of the proposed
control methods which includes the explanation of the magnetic controller. The
explanation also includes the structure of virtual reluctance and the flux controller used
in the inner loop control and the control strategy used in the outer loop control of the
power converters. It will be continued with the simulation and experimental results before
concluding the paper with a discussion about the obtained performances.

5.1 VSFC-based Power Converter Control

The VSFC presented in this chapter is totally different from the remarkable works
conducted in the virtual flux concept that has been applied in the power generation
application. The VF presented in [15-17] and [112, 113] are used to estimate the grid
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voltage condition without measuring directly the voltage with sensors. The integral of
virtual flux is the estimated voltage at the output of the filter’s inductance. However, the
estimation of VF is highly dependent on the accurate values of the filter as well as a good
measurement of the currents. The virtual flux discussed in [15-17] and [112, 113] are just
used to perform the grid synchronization and the information is used in the power/current
reference calculations.

The power converters equipped with the VSFC are designed to be able to work in all
kind of networks, no matter the short circuit ratio between the grid and the converters or
the X/R ratio of the line. The VSFC is able to force an inductive behavior permitting to
standardize the frequency and voltage regulation loops. This controller combines a
magnetic controller in the electrical part of the system which is responsible to regulate the
virtual flux at the output of the power converter, while the outer loop control is used to
provide the flux reference to be tracked by the magnetic controller. The VSFC does not
use any additional synchronization system because it is capable to perform an inherent
synchronous connection with the grid. The VSFC also does not require any specific
hardware or power converter topology as it can be applied in any commercial power
converter by just changing its control layer. Considering the control structure will be
implemented in stationary reference frame, an overview of VSFC that includes the
magnetic controller and the outer loop control is shown in Fig. 5.1.
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Fig. 5.1. Simplified diagram of the implementation of Virtual Synchronous Flux Controller.
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The flux controller will regulate the error between the reference flux and the
measurement flux as depicted in Fig. 5.1. The error is generated by subtracting the flux
measurement, @,s" from the virtual flux reference, ¢,s". The flux measurement can be
obtained by integrating the measured voltage. The voltage sensor is normally available at
the capacitor so that the Vrin this analysis is known as the voltage across the capacitor.
The converter output voltage can be formalized as follows;

di
Veom :LE—’_VJ’ (5.1)

The equation stated in (5.1) can be integrated to obtain the virtual flux as shown in
(5.2).

(Ve =L-i+[V, > 8, =L-i+4, (52)

5.2 Inner Regulation based on Magnetic Controller

The magnetic controller as shown in Fig. 5.2 is able to perform the electrical
performance emulation as the same as a synchronous generator.
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Fig. 5.2. The structure of Magnetic Controller.
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One of the advantages of magnetic controller compared to the previous solutions, is
that, this structure permits not having two cascaded controllers in the inner regulation but
just a single controller to control the flux. This feature makes it suitable for systems with
low switching frequency where the delay of cascaded loop can affect the overall
performance of the system. In this regard, the dynamic performance of the VSFC could
be improved as delay of cascaded loop can be avoided.

The behavior of the power converter controlled by this controller is more harmonious
with the overall performance of the electrical network. The magnetic controller directly
regulates the virtual flux injected by the grid connected power converter which is totally
different from the classical current controller or those based on emulation of synchronous
machine. Contrary to the previous solution, in this work, virtual reluctance structure will
be used to emulate the electrical part in order to suit with the virtual flux implementation.

An implementation of the virtual reluctance on the other hand also inherits the electrical
characteristics of the synchronous generator. In contrast with the virtual impedance
concept, this system does not perform as a voltage control, hence it is possible to get rid
of the drawbacks related to the use of derivative terms. It is also different from the virtual
admittance concept as there is no need to calculate the internal voltage in an outer loop
that is later regulated by an inner current control loop. However, as the same as virtual
admittance, the virtual reluctance is programmable, so that the values can be changed in
order to achieve the most convenient performance. By controlling this magnitude, it is
possible to set a predominant inductive behavior between the connection of the power
converter and the grid. The closed loop structure of the Magnetic Controller is shown in
Fig. 5.3.
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Fig. 5.3. Closed loop structure of Magnetic Controller
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Fig. 5.4 shows the equivalent vector diagram of magnetic controller when considering the
virtual resistance, R,;- almost equal to 0. In this regards, the flux drop is obtained just by
multiplying the measured current with the virtual inductance, L,;. It is clearly seen that
the virtual flux reference ¢" has 90° phase shift from the converter voltage, v. The
reference generated by the outer loop controller, ¢, is based on the integration of the
virtual emf, e,;- hence the 90°phase shifted can be clearly seen from the vector diagram.
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Fig. 5.4. Equivalent vector diagram of Magnetic Controller considering Rvir = 0.

5.2.1 Emulation of Electrical Part

Before going further on the explanation of electrical part of VSFC, it is worth to
consider the grid connection of Synchronous Generator as shown in Fig. 5.5.

R L i Grid side

Zg

v

Fig. 5.5. Connection of grid connected synchronous generator.
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Referring to Fig. 5.5, the point of connection is represented by the AC grid voltage, v,
where the AC internal induced electromotive force is represents by ‘e’ and the output
impedance of the generator is denoted as R-L. The dynamic performance of the principle
shown in Fig. 5.5, therefore, can be described in (5.3) and the Laplace transform
differential equation is given by (5.4) respectively.

: di(t)
v(t) =e(t)— Ri(t) - L (5.3)
dt
v(s) = e(s) —i(s)(R + Ls) (5.4

Based on the dynamical equation stated in (5.4), it clearly shows that the grid connected
power converter works as a controlled voltage source. The voltage drops across the virtual
impedance, R+Ls is subtracted from the emf induced, e, in order to calculate the voltage
reference, v. The measured current, Z, in this case will be affected by the derivative term
in order to calculate the voltage reference. The measured current is also possible to be
affected by the noise and other interferences. In most application of virtual impedance
concept, the current is normally filtered to avoid overshoot caused by the derivative term.
The filter plays a very important role to stabilize the performance. In the virtual impedance
concept shown in Fig. 5.6 (a), the internal voltage loop is needed and the classic
synchronization is still required in order to obtain the phase angle. The other concern is
the grid impedance estimation algorithms require quite a complex structure and it is
difficult to guarantee the accuracy.

Z,
& AYS

(b)

Fig. 5.6. Electrical emulation approach: (a) Implementation based on Virtual impedance
concept, (b) Implementation based on Virtual admittance concept.

The other approach to emulate the electrical part is by implementing the virtual
admittance as shown in Fig. 5.6 (b). With such an implementation, the derivatives term of
current can be avoided thus the differential equation given in (5.4) can be modified to
(5.5).
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1
i(s) = ———(e(s) —v(s)) (5.5)
R+ sL

In this regards, it can be clearly seen that virtual admittance working in an opposite
principle of the virtual impedance. It works as a current source instead of the voltage
source as describe in [52] and [53]. By adopting the virtual admittance in the control layer
the need of the filter is not necessary anymore. Contrary to the previous solution, in this
work, a virtual reluctance structure will be used to emulate the electrical part in order to
suit with the virtual flux implementation. Implementation of the virtual reluctance on the
other hand inherits the same electrical characteristics of the synchronous generator. By
rearranging the impedance of the line, the virtual reluctance can be obtained and the
implementation of the virtual reluctance is shown in Fig. 5.7 respectively.
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Fig. 5.7. Implementation of virtual reluctance.

The flux reference, ¢.s" is generated by considering the subtraction of the flux drop from
the reference, ¢y o5 generated by the outer loop controller. Thus the reference flux, ¢qs" is
given by (5.6).

* R
bap )= brep () ~| iy () (— * ’3) (5.6)
; .
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Table 5.1 shows the parameters of the Magnetic Controller that will be used in the
simulation and experimental studies.

Table 5.1. Magnetic Controller Parameters.

Symbol Quantity Value

R Virtual resistance 0.1 pu

L Virtual inductance 0.3pu

H Virtual inertia constant 2

¢ Damping ratio 0.707

Kp Proportional gain 3.5

Kr Resonant gain 10

0] Nominal AC frequency 314.159 rad/s

5.2.2 Stability Analysis

Since the flux controller is a new control structure in a grid connected power converter
control, the system stability analysis need to be done in order to ensure that the system is
stable enough to be implemented in the experimental validation. Furthermore, the system
stability is very important to ensure that the inner loop controller is working on the optimal
performance within its stability region. The whole system can be defined as a stable
system, if the closed loop system is also in a stable condition. A stable system is expected
to have a frequency response at the closed loop system that decays over time. The closed
loop system will be unstable if the frequency response is larger over time. The closed loop
system of the flux controller shown in Fig. 5.8 will be considered in the stability analysis
in this section. The closed loop system shown in Fig. 5.8 includes the processing delay
and filter in continuous domain.

Fig. 5.8. Closed loop structure of the flux controller.
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As explained in Chapter 5.1, flux controller is used to regulate the error of the flux
signal in order to achieve zero error during the steady state condition. Based on figure
shown in Fig. 5.8, the ¥V 44 is the converter output voltage which is used as a feedback.
The closed loop transfer function of the flux controller can be described in (5.7). Based
on this transfer function, Grc(s) is the structure of flux controller where in this regard, the
structure of Proportional Resonant is adopted. The delay of the system, Gp(s) can be based
on (5.8) where the T is the sampling time. Considering the filter structure shown in Fig.
5.1 and Fig. 5.2, the transfer function of the filter, Gr(s) is given in (5.9) respectively.

FC,, (z) = G (2)-Gp(2) - Gp(z) (5.7)
146 (9):Gp(2) Gr(2)- G, (2)
G (5.8)
D(S)_1+srs
1 59
GF(S) ( )

T LC,Lys +(LL,)s

As shown in Fig. 5.2, the flux measurement is obtained by integrating the measured
capacitor voltage. In the practical implementation, this integration is obtained by using
the SOGI-QSG, therefore the stability analysis carried out in this section will also consider
the transfer function of the SOGI-QSG. The transfer function of the closed loop system in
(5.7) is discretized using the ‘c2d’ function in MATLAB. This function is used to convert
from continuous domain to the discrete domain by means of using the Zero Order Hold
(ZOH) method. In practice, there are a lot of discretization methods such as First Order
Hold, Forward Euler, Backward Euler, Tustin, Tustin with Prewarping, Zero-pole
Matching and Impulse Invariant. However, the ZOH provides a good representation of
the average voltage output from the converter PWM operation on the filter inductor during
one sampling period. The stability analysis is carried out using the SISO tool in MATLAB
and the root locus as well as the bode diagram of the system described in (5.7) are shown
in Fig. 5.9 and Fig. 5.10 respectively.

As shown in Fig. 5.10 the gain and phase margin are the two important elements to
describe the stability status of the system in the stability analysis. If the system has a lower
margin, it means that it is less stable. The greater the margin, the more the system stables.
This shows that the system become marginally stable after varying the gain and phase up
to a certain threshold. The best way to describe the margin is how far it is from the unstable
point. For the case of the gain margin, the unstable point is at 0dB gain while the unstable
point for the phase margin is at -180° phase. However, further variation of gain and phase
could lead to unstable system. The gain margin is expressed in dB and the phase margin
is expressed in degree. It is worth to mention that, even though the gain margin is stable,
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it is important for the system should at least have a phase margin of 60° for a good and
stable system. Based on the bode diagram shown in Fig. 5.10, the system is stable with a
gain margin of 12.3 dB and the phase margin is equal to 67 degree. This analysis is taking
into consideration the Kp and Kz value as stated in Table 5.1, w, = 314 rad/s and w. = 5

rad/s.

Fig. 5.9.
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Fig. 5.10. Bode diagram of the Flux Controller.
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5.3  Outer Loop Control

The implementation of the outer loop control of the VSFC is shown in Fig. 5.11. The
structure shown in Fig. 5.11 is used to provide the reference to the magnetic controller.
The input needed by the Voltage Controlled Oscillator (VCO) is come from the frequency
generated by the active power control (P Control) and the amplitude, E generated by the
reactive power control (Q Control). The main components of the P Control and Q Control
are shown in Fig. 5.12 (a) and Fig. 5.12 (b) respectively.

¢refaﬁ
, .
P Control VCO ‘[ ‘ b, Y

\ 4

\ 4

E ¢dmp, of

O Control

Fig. 5.11. Simplified structure of the outer loop control.
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Fig. 5.12. Outer loop control of the VSFC (a) Active Power Control, (b) Reactive Power
Control.

As shown in Fig. 5.12 (a), the main component of the P Control is the Power Loop
Controller (PLC). The PLC transfer function is given by (5.10) respectively.

[0
¢ (5.10)

PLC(s) =k
S+ o,

where the £ is the gain and w. is the cut off frequency which can be obtained by (5.11);
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a)czz_é’,(on (5.11)
The symbol { indicates the damping factor and w, is the natural frequency of the virtual
electromechanical model. The natural frequency, w, can be calculated by (5.12)
respectively.

P
w,= ="~ or o, =\ko,P,, (5.12)

Jo

s

The k and w. are the two control parameters to be adjusted to set the natural frequency
and the damping factor. The active power transfer equation considering that the
synchronous generator is mainly inductive is given by (5.13).

P=P, -5 (5.13)

where 8 is the phase angle difference between the virtual electromotive force, e given by
the controller and the grid voltage, v. The P is represents the maximum value of active
power that can be delivered by the synchronous generator and the P, can be calculated
by (5.14).

E-V

P = _X (5.14)

where the E and V are the RMS values of e and v respectively. The reactance is denoted
as X. The dynamic relationship between the input and output power can be written as
(5.15).

PS ka)chax
(s)=— (5.15)
P, s"+20w, s+ ko P,

ax

The inertia as well as the damping behavior can be controlled by specifying the values of
the natural frequency, @, and the damping factor, . The damping factor can be determined
as (5.16).

£= | (5.16)
N\ 4kp '

max

As shown in Fig. 5.12 (b), a simple Proportional Integral (PI) is used in the Q Control
in order to provide the amplitude, £. The transfer function of the PI controller is given in
(5.17).
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K.
Gp (5)=— (5.17)
N

The VCO block illustrated in Fig. 5.11 is a simple oscillator that used to provide the virtual
emf signal in aff components. The implementation of the VCO block can be based on
(5.18).

e= [6“ } =VCO(E, w) = \BE[COS 0 —sin ‘1 : {Ed} (5.18)

ey sin@ cosé Eq

The reference, ¢, o5 1s the integration output generated by the VCO, e. The angle, 6 in
this case is the frequency of virtual emf in rad and E is the amplitude of the virtual emf
respectively. The integration of e, and es will provide a set of virtual flux reference,
needed in the magnetic controller of VSFC.

Brorap () = €,5(dt) (5.19)

5.4 Simulation Results

The simulation study conducted in this section is to ensure that the Magnetic Controller
is working fine and the Flux Controller is able to track the reference flux. Considering the
parameters listed in Table 5.2, the simulation has been carried out. Since, the Flux
Controller adopted the PR control, the same values of Kp, Kz, ®w.and @, were used in the
stability analysis, and have been considered in the simulation.

Table 5.2. VSFC-based power converter technical data used in the simulation.

Symbol Quantity Value
Sysrc Nominal power 10 kVA

Vac Nominal AC-voltage 380V

0] Frequency 314.15926 rad/s
Jow & fs Switching & Sampling Frequency 10 kHz
Liabe) Output filter inductors 3.4 mH
Laabey Inductor, L2 0.588 mH
Criabe) Output filter capacitors 4.7 uF

R Virtual Resistance 0.1 pu

L Virtual Inductance 0.3pu
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The simulation results is shown in Fig. 5.13. In Fig. 5.13 (a), the simulation of the
virtual flux measurement in of is presented. The flux measurement in this plot is the
output after integrating the measured voltage using the DSOGI-QSG. It can be clearly
seen in the plot that both virtual flux at alpha and beta components have the same
amplitude with beta component is 90° phase shifted from the alpha component.

Flux Measurement
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Fig. 5.13. Simulation Results of VSFC.

Fig. 5.13 (b) shows the amplitude of emf in alpha component and the flux reference,
@rer also in alpha component that is generated after integrating the amplitude of emf, e. It
should be noted that the flux reference should be lagged the emf, e by 90° and based on
the plot shown in Fig. 5.13 (b), the system is working as it is required. The performance
of the flux controller is shown in Fig. 5.13 (c). In this plot, it shows that the tracking
capability of the system is good where the flux controller is capable to force the
measurement flux to follow the reference flux.

5.5 Experimental Validation of VSFC

The experimental setup for the final validation consists of a 5 kVA VSFC based-
inverter which is connected to a controlled 380 V line-to-line, 50 Hz three phase AC
power source through the LCL filter. The second inductor of the filter is based on 5% of
the 20kVA isolating transformer impedance. The inverter has been powered by a
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programmable dc power supply that provides a 650V dc-link. The inverter, LCL filter and
the transformer are located inside the converter cabinet. The control loop of the VSFC has
been programmed on a dSpacel103 platform (dSPACE Inc., Wixom, MI, USA). Similar
to the results shown in Chapter 3 and Chapter 4, the control parameters can be easily
changed and all the required signals can be easily captured by using SCADA system
which is built using the Control Desk application of the dSpace. An overview of the
experimental setup is shown in Fig. 5.14 (a) and the real structure is shown Fig. 5.14 (b).

Rectifier

VSFC-based LCL Filter Grid Side
Inverter .

PWM
Vpc —s| VSFC aff
Control b abc
Proy & Orey —> System N

[l

|
L{ ! SkVA VSFC
I based Converter ’

X
Oscilloscope

g i |

W] Voltage Sensor

Current Sensor

(b)

Fig. 5.14. (a) Overview of experimental setup, (b) The real experimental setup used in the lab.
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The technical data for the VSFC-based power converter is listed in Table 5.3.

Table 5.3. VSFC-based power converter technical data.

Symbol Quantity Value
Sysrc Nominal power SkVA
Vpc Nominal DC-voltage 650V

Vac Nominal AC-voltage 380V

Jac Nominal AC-frequency 50Hz

Sow & fs Switching & Sampling Frequency 10 kHz
Li@abe) Output filter inductors 6 mH
Logabe) Inductor, L 0.588 mH
Criabe) Output filter capacitors 4.7 uF

5.5.1 Start-Up Process

In the case of VSFC-based converter, it is important to initialize the controller properly
before it successfully enabled, and the system is seamlessly connected to the grid. This
process is essential to avoid the possibility of inrush current in the converter due to the
large flux reference injected. This problem normally happened when the voltage
difference between the virtual electromotive force and the grid voltage are relatively high.
The process starts with the connection of the converter with the DC source and AC source,
where both DC and AC voltage are set at the nominal value as shown in Table 5.3. The
system starts with the enabling of the modulation pulses and the flux controller with a flux
reference is set to zero. At this stage, the value of the virtual inductance is set to be ten
times higher from the per unit value stated in the important parameters of the Magnetic
Controller tabulated in Table 5.1. However, this high value is set only for a very short
time. After this step, the power converter is ready to start its synchronization with the grid.
It is worth to mention that during this stage, the active and reactive power references are
set to zero. The power measurement in this case calculated the reference flux from the
virtual reluctance block that is already working instead of the measured flux. Hence, the
flux reference tracked by the flux controller is equal to zero.

5.5.2 Performance of VSFC in the Digital Implementation

The first step of the experimental validation was to focused on testing the performance
of the magnetic controller. This first test is carried out in order to evaluate whether the
magnetic controller works properly or not in the digital implementation. The performance
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of magnetic controller is very important to ensure that the system is capable to achieve
zero error during the steady state condition and also to have a good performance during
the transient state condition. The experimental result obtained here permits to verify that
the proposed method is also working well in a real platform. It should be noted that the
parameters listed in Table 5.1 and Table 5.3 have been considered in the practical test.

Fig. 5.15 shows the tracking capability of the flux controller captured from the control
desk application. It is proven that the tracking capability shown in Fig. 5.15 is perfect
without any significant tracking error. The flux measurement shown in Fig. 5.16 has a
nice sinusoidal because the integration of voltage is performed using the DSOGI-QSG,
therefore, the input voltage has been filtered by the filtering component of the DSOGI-
QSG. The flux reference on the other hand has been shaped by the virtual reluctance where
in this case the high value of the inductance is set in the beginning just to reduce the
possibility of high current when the reference step is applied.

Tracking Capability of Virtual Synchronous Flux Controller
1.5 T T T T T T T T
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Fig. 5.15. Tracking performance.
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Fig. 5.16. Flux measurement in alpha and beta components.

As proven, the DSOGI-QSG performed the integration of the measured voltage
perfectly as the positive sequence of the virtual flux measurement is balanced and has a
nice sinusoidal. The alpha component on the other hands leads the beta component by
90°. However, as can be understood by the theoretical, the beta components of the virtual
flux measurement lagged the alpha component of the capacitor voltage by 90°. This
analysis is also the same in the case of virtual flux reference, @..r 4. It should be noted that
the integration of e, and ey also will be based on the DSOGI-QSG. The integration of e,
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and eg is important to obtain a set of virtual flux reference, ¢, 45 needed by the magnetic
controller. In this analysis, only positive sequence of the flux measurement will be
considered. In all cases, a constant frequency of 314.159 rad/s is fed to the DSOGI-QSG.

Fig. 5.17 on the other hand, shows the performance of the controller during the transient
and steady state condition. In this test, the active power reference is set from 0 to 4 kW
and from 4kW to 0 in order to observe the capability of the system in controlling the flux.
The system is working properly where it can be observed that the system performance
during the transient and steady state is normal without any excessive transient overshoot
when the reference step is applied. Both voltage profile and the current did not suffer from
any unwanted perturbation.
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Fig. 5.17. Performance of the flux controller during transient and steady state condition (a) The
waveforms of grid voltage and current, (b) Zoom version of the waveforms shown in (a).

The test continued with an evaluation of the voltage and current during the transient
state where at this stage the reference power has been stepped up and stepped down in
order to analyze the behavior of the system. Fig. 5.18 (a) shows the voltage and current
when the reference power is stepped up from 0 to 4kW and Fig. 5.18 (b) on the other hand
shows the voltage and current when the reference power is stepped down to 0. Based on
the results obtained, the current and voltage profile seems good and it is proven that
obtaining the virtual flux using the DSOGI-QSG in digital implementation of VSFC is
working fine.
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Fig. 5.18. Grid voltage and current waveform. (a) Step-up in reference power, (b) Step-down in
reference power.

Fig. 5.19 shows the quality of the three phase voltage and current using the control of
VSFC. The good performance of the system keeps the three phase voltage and current in
a balanced sinusoidal. Based on the results shown, the VSFC control loop implementation
is able to keep the voltage and current at the PCC as stable as possible.

. 4 . ) 4 . - . .\ ’/ . B
c ~ Grid Current
Fig. 5.19. Zoom-in of grid voltage and grid current.

5.5.3 Control of Active and Reactive Power Delivery

The control of active and reactive power at the PCC is one of the most important studies
in the VSFC control system. In this test, the reactive power reference is set to zero. Fig.
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5.20 shows the active and reactive power measurement when the active power reference
changed from 0 to 4kW and stepped down from 4kW to 0.
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Fig. 5.20. Active and reactive power measurement captured from the control desk. (a) When
active power reference is changed from 0 to 4kW, (b) When active power reference is stepped
down from 4kW to 0.

It is clear that both active and reactive power measurement are matched with the active
and reactive power reference thus proved that VSFC control system is able to properly
control the active and reactive power of the system in digital implementation.

5.5.4 Performance of VSFC using Ideal Integration with High Pass Filter

Another test has been carried out just to observe the performance of VSFC if the virtual
flux is obtained by using the ideal integration that includes the high pass filter. Fig. 5.21
shows the voltage and current when the active power reference is stepped from 0 to 4kW.
In this experimental validation, it is clearly seen that the system is working as it is required.
It proved that the ideal integration can still be considered in the experimental validation
but it requires the high pass filter in order to provide a satisfactory performance. As
discussed in [15], ideal integration will cause a drift and offset problems in the digital
implementation. However, if compared the quality of current shown in Fig. 5.21 (b) with
the quality of current shown in Fig. 5.19, it can be said that the quality of the current is
better by using the DSOGI-QSG.
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Fig. 5.21. Output from oscilloscope when the virtual flux is obtained by using ideal integration.
(a) Grid voltage and current when active power reference is stepped up from 0 to 4kW, (b)
Quality of voltage and current.

However, when the system was analyzed under the transient state condition, the system
worked well during the step up and step down of reference power as shown in Fig. 5.22
as long as the high pass filter is included in the practical implementation.
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Fig. 5.22. The grid voltage and current (a) Zoom in version when the active power reference is
stepped down to 0, (b) Zoom in version when the active power is stepped up from 0 to 4kW and
from 4kW to 0.
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5.6 Summary of the Chapter

In summary, the VSFC-based control for the case of VSC with LCL filter has been
presented. In this work, the flux measurement obtained by integrating the converter output
voltage. The DSOGI-QSG has been considered in the integration of converter output
voltage because of its good performance as proven in the previous chapters. The proposed
methods of VSFC have been investigated in the experimental studies and, based on the
presented analysis, it is proven that the magnetic controller is able to regulate the virtual
flux injected by the grid connected power converter. With a reliable output as shown in
the test, the magnetic controller can be an alternative solution to the conventional current
controller. The outer loop control of the VSFC is capable to provide a good transient
response when the active power reference has been stepped-up and stepped-down. In
general, the experimental results prove that the VSFC is reliable and able to provide an
effective control solution for the power converters which are integrated in power
generation facilities based on distributed generation systems.



CHAPTER

6.

Conclusion and Future Work

6.1 Conclusion

The research question stated in Chapter 1.5 has been resolved in Chapter 3, Chapter 4
and Chapter 5. In Chapter 3, a comparative study of three different implementations of VF
estimation for grid synchronization of VSC with LCL filter has been presented, which
permits to control the active and reactive power flow at the grid side of the filter. The results
from simulation of all the three methods confirmed that accurate parameters of the
connection filter, as well as a good current measurement are crucial to ensure a good
estimation of the grid voltage, which is necessary for controlling the active and reactive
power injected to the grid at the PCC.

The fast synchronization and the smooth reference tracking achieved in transient
conditions, have demonstrated the effectiveness of the DSOGI-VF and the PR current
controller used in the proposed system. Among the investigated methods, the VF estimation
based on voltage sensor-less operation offers several advantages in terms of cost reduction
and improvement of the system modularity. However, for most practical applications, the
measurement of the capacitor voltages is not a significant disadvantage. This voltage
measurement is a stable output and contributes positively to carry out a good estimation of
the virtual flux at the PCC. However, when combined with VF-estimation, the
synchronization method can also maintain operation in case of voltage sensor failure. On
the other hand, placing a current sensor for measuring directly the capacitor current has been
shown to be a less preferable solution especially in practical implementation, since the ripple
current in the capacitor is very large compared to the fundamental frequency component.



104 6. Conclusion and Future Work

Thus, noise and ripple components might propagate into the control system and deteriorate
the performance of the VF estimation which in this case is better to be avoided.

The experimental verification has demonstrated that the VF approach based entirely on
estimated signals for the LCL filter configurations and can provide good grid
synchronization for controlling the power delivered to the PCC. Among the three
investigated estimation methods, the voltage sensorless operation was selected for
validation as it is the most complex scenario, and the results achieved permits also to
validate the performance of the other two methods presented.

The other topics that have been presented is the control method based on VF
synchronization that permits to control the active/reactive power delivery in a remote point
of the grid, as for instance at the transformer connection point. The results from the
simulation as well as the experimental studies prove that the VF based synchronization is a
good method to estimate the grid voltage condition without considering any voltage sensor.
Furthermore, the proposed VF-based synchronization has shown to have a good behaviour
which contributes to achieve a good performance of overall systems in the experimental
validation. Similar to the findings in Chapter 3, the synchronization with the grid is very
fast and the smooth reference tracking is achieved in transient conditions. The most obvious
finding that emerges from this study is that the VF estimation is reliable to estimate the
voltage at different points along the grid as long as the parameters needed for the estimation
are available. Therefore, it is possible to control the power injection/absorption remotely.
Additionally, the presented control solution in this dissertation offers a flexible way to
control the active and reactive power. The possibility of controlling the active and reactive
power flow at remote location in the grid can be useful for several applications.

In Chapter 5, this dissertation presented a new control solution based on VSFC approach.
The VSFC works perfectly with the magnetic controller as a new invention for the inner
control of grid connected power converter. As the magnetic controller directly regulates the
virtual flux, it is totally different from the classical current controller or those based on
emulation of synchronous machine. As shown in the practical implementation in the lab,
the magnetic controller is able to get self-synchronized without external synchronization
system. In the electrical part, the virtual reluctance has been adopted instead of considering
the virtual impedance or virtual admittance. The values of virtual reluctance are
programmable; hence it is easy to change in order to achieve the most convenient
performance. By controlling this magnitude, it is possible to set a predominant inductive
behavior between the connection of the power converter and the grid. The VSFC is very
useful for the control of power converters with low switching frequencies as it does not
require two cascaded controllers, therefore, it is capable to reduce the delays in experimental
implementation. The VSFC not only meets the requirement set by the grid codes but offers
advanced functionalities that are followed in the new grid codes.

The findings of research studies presented in Chapter 3, Chapter 4 and Chapter 5 meets
all the scope of works listed in Chapter 1.4 and most importantly meets the aim and
objectives of the PhD Dissertation. However, the limitation of the research works opens for
further discussion and research that will be highlighted in the following section.
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6.2 Future Work

There are a few topics that are relevant to be considered as a future research works based
on the results and limitation of research presented in the previous chapters. The future works
on virtual flux approach can be either focused in the area of VF estimation and power control
or in the local control of VSFC based power converter.

The possible issues in the VF-based Synchronization for the power converter with the
LCL Filter that are relevant to be investigated in the future are listed as follows:

e The VF estimation structure shown in Chapter 3 and Chapter 4 considered
the used of LCL Filter with a passive damping. This analysis could be
expanded by considering the active damping in the filter configurations.

e The scope of investigated VF-based synchronization for power converter
with LCL Filter in this dissertation is focused on balanced condition only.
Therefore, the work can be expanded with an investigation of VF estimation
for power converter with LCL Filter under unbalanced conditions.

e The current controller used in both Chapter 3 and Chapter 4 are based on
Proportional Resonant Current Controller. The presented strategies can be
further studied with a various types of current controller and the results can
be compared with the one presented in this dissertation.

e The implementation of VF-based synchronization in this dissertation is
implemented in stationary reference frame, more exploration can be done
by considering the implementation of VF estimation with positive and
negative sequence component in decouple double synchronous reference
frame. This method may require more complex structure in digital
implementation compared to the one presented in this dissertation.

Since the topic of VSFC-based power converter control is still new, many future works
can be done to improve the performance of VSFC. The methods and results presented in
Chapter 5 can be used as a basis for future works. The possible topics that can be further
studied are listed as follows:

e  Further elaborations and studies on the magnetic controller performance.
The focus of the studies can be based on the effect of ranging values of
virtual reluctance. Further analysis can be made on how the ranging values
of virtual reluctance will affect the overall performance of VSFC.

e This dissertation only focuses on the balance conditions therefore further
research on the unbalanced conditions or weak grid will add more values to
the research area. The implementation in digital platform should take care
on the inrush current or transient overshoot that might occur when the step
reference is applied.

e Further investigations can be made on the stability of the magnetic
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controller. It could focus on the analysis of stable and unstable loop and
how the values of proportional gain and integral gain term will affect the
stability of the system.

e  Further studies can be focus on the outer loop control of the VSFC.
Different control strategies can be proposed to control the dynamical
performance of the VSFC-based converter.

e The implementation of VSFC in this dissertation considered the used of
LCL filter, hence, the analysis on VSFC with L filter and LC filter can be
further explored and the stability analysis of this system should be simpler.
The performance of VSFC considering the L and LC filter can be compared
with the results presented in this dissertation.

6.3 Closing Remarks

The control strategies of power electronics converter based on virtual flux approach
which have been presented in Chapter 3, Chapter 4 and Chapter 5 respectively. Virtual flux
estimation in Chapter 3 and Chapter 4 is applied to estimate the grid voltage that includes
the filter values into the calculation. The virtual flux estimation is used to perform a
synchronization of the power converter with the grid where the output of the estimation is
used to generate the reference needed for the current controller. The control structure
presented in Chapter 5 on the other hand is different from those two control strategies where
no synchronization system is needed since it is capable to seamlessly connect to the
electrical network. All the control strategies presented in this dissertation can be applied in
any commercial power converter, without having a specific converter topology. The results
and analysis of the proposed control strategies answered the research question stated in
Chapter 1.5.
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dSpace 1103 Controller Board

This Appendix presented the configuration of the dSpace 1103 Controller Board used
in the experimental works.

i Converter2 5 Converter 4 Digital to Analogue Converter

Fig. A.1. dSpace 1103 port.
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Fig. A.1 shows the controller board where 20 analogue to digital converter channels
and 8 digital to analogue converter channels are available. The DS1103MUX ADC
Multiplexed A/D conversion is used for the acquisition data of three phase voltages at
both converter and the grid side. The ADC multiplexed A/D conversion provides read
access to 16 channels of 4 parallel A/D converters. The unit specification consists of 4
converter number where each number has 4 channels selection as shown in Fig. A.1. For
the channel number 17 to 20, the DS1103ADC A/D conversion is used. By using the
ADC, it will provides read access to 4 parallel A/D converters. The output from this
controller board will be sent to the dSpace Fiber Optic Board to generate the pulse width
modulation signal as shown in Fig. A.2 and this Fiber Optic Board is powered by the
24Vdc source. The key features of the dSpace 1103 controller board are described in Table
Al

Slave 1/0

i

dSpace1103 Controller
Board

Fig. A.2. Output ports of the dSpace1103 controller board connected to the fiber optic board.
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Fig. A.3. Connection of 330Q to the coaxial cable before connecting to the dSpace ADC Input
port.

Table A.1. dSpace 1103 controller board features.

Board BNC Connectors Sub-D Connectors
DS1103 e 20ADC e Digital /O
e 8 DAC e Slave DSP I/O

e Incremental
Encoder Interfaces

e CAN Interface

e Serial Interface




