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Abstract

The grid connected voltage source inverter is now the most widely used interface for
connecting renewable power generation to the grid. Control of this device is a key aspect to

ensure the performance, reliability and life span of the renewable power generation system.

Conventionally, the current control of the grid connected inverter is based on the measured grid
side voltage. The power and the power factor at the receiving end, which is usually defined as
the point of common coupling, can be controlled accurately. This controller topology has been
widely used and many control methods have been developed aiming at objectives such as
increasing system stability, decreasing harmonic injection, and improving transient response
of the system. However, in case of the voltage measurement isnot available, i.e. afaulty voltage
sensor, the conventional current control topology will be disabled for lack of information of
the grid voltage. This would decrease the reliability and efficiency of the system thus should

be improved.

voltage-sensor-less In this research, a current control system for the grid connected inverter
system not relying on the information provided by the a.c. side voltage sensors will be
developed with compliance to the recommendations issued to the performances of the
distribution generations such as the harmonic limitations and the fault-ride-through

capabilities. Three problem will be addressed and solved.

Firstly, the a.c. side voltage should be acquired without the use of a.c. side voltage sensors.
This is achieved by adopting an a.c. side voltage estimation algorithm. Secondly, the grid
connected inverter should be able to start-up without synchronising to the grid while keep the
current injected in a safe range. This is achieved by the newly designed start-up process.

Thirdly, the grid connected inverter should be able to ride-through grid faults and providing



support to the grid. The transient response of the grid connected inverter is the key measure to
define the performance. In this study, a faster symmetrical component decomposition method
is proposed to improve the transient response of the current control, without relying on grid

voltage sensors.

The proposed system is verified by both simulation and experimental tests, with analyses and

insight aiming at general applications of the proposed method and a gorithms.
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Chapter 1 Introduction

1.1 Motivation of theresearch

It isarelatively familiar but still on-going topic that human activities are changing the global
climate particularly due to the emission of carbine-dioxide (CO.) associated with the large
scale energy production using fossil fuels [1, 2]. The traditional electrical power systems are
largely dependent on centralized power generation stations using systems such as gas turbines
and steam turbines which contribute majority of the green-house gas emissions [3]. Arguably
cleaner, but also large hydro power stations and nuclear power plants are used but this is not
always possible and they can still cause different kinds of environmental and socia-economic
issues. Strictly speaking, none of the commercia electrical power generation technologiesis
carbon free because of the carbon footprint associated with the manufacturing and maintenance
of the technical system, but given the expected lifetime of a system in 20-50 years the systems
using renewabl e rather than fossil fuel resources are of much lower carbon footprint [4]. Figure
1.1 showsthetypical vaues of CO, emission for different types of technologies for generating

1 kWhr electricity levellized over their respective lifetimes[5].
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Figure 1.1 Carbon footprint of electricity generation
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The power generated from the relatively large and dispatch-able power sources is transmitted
and then distributed through the power networks or grids. Thisis regarded as the conventional
configuration of the power systems before the rise of the cleaner generation technologies which
are usualy less dispatch-able because of the random variations of the primary resources.
Wind turbines, solar panels and tidal energy devices as well as CHPs (combined heat and
power) using biomass fuels are reshaping the electrical power industry in terms of the grid

configurations and the relationships between the energy providers and consumers [6-10].

To constrain the emissions, more and more generation is now provided by renewable
generators which are directly connected to the grid including the distribution networks. It
attracts investment because of the environmental protection and economic reasons which have
influenced the government policies as exemplified by numerous subsidy schemes all over the
world [11]. Many clean energy generation systems could be installed domestically, such as
solar panels and small scale wind turbines to harvest the locally available resources. This
situation alows the microgrid operation mode in which the generated power can be utilized
locally to give direct economic incentive and the customers are less likely to suffer from aloss
of supply caused by outages in the traditionaly upstream systems. Also the owners of the
generators are usually interested in selling the additional power or energy generated to the grid
to make a direct income. The grid interfaces are usualy through a power electronics stage.
However, therise of distributed generation not only brings about opportunities but al so presents
challenges to the management and stability of the existing power systems. Stringent
requirements are being proposed by the transmission and distribution network operators as will

beillustrated in the following sections.

Partially because of the random variation of the primary resources, renewabl e power generation
systems are usually interfaced to the grid through power electronic converters as shown in

Figure 1.2. Power electronics which uses power semiconductors to convert electrical power
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from one form to another can establish a variable condition for the generator and aso suit the
more fixed frequency and voltage of the a.c. grid. Until recently, power electronics has been
predominantly used for loads such as motor drives, lighting a switched mode power supplies
(SMPS). In pure grid applications, power electronics has been mainly used for HYDC (high
voltage d.c.) transmission [12-15], static VAr compensation (SVC) [16], active filtering [17-
19] and some presently miscellaneous applications including solid state fault current limiting

[20], on-load transformer tap changing and seamless supply transferring [21].

Although the system configuration shown in Figure 2 is apparently a reverse of atypical load
system, the requirements would inherently be different for a generation technology to a load
technology. In addition to the technical challenges which are to be discussed in the following
sections, reliability and cost are also important issues given that the investors would naturally
expect short payback times and the power electronic converters are expected to work for along
timein environments which are not easily accessible to professional engineers. These are some

of the key issues and the study of this thesis was planned in such a context.

AC or DC

O_

generation

1 or 3¢ grid
— real power flow

Figure 1.2 Genera layout of renewable generation system

1.2 Technical challenges

Increasing Increasing the penetration level of distributed generation is one of the top interests
among researchers and the power industry. Asimplied before, theriseis driven by, firstly the

interest of increasing the power generation from non-fossil fuels such as renewable resources,
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which is desirable from an environment protection point of view; secondly, the benefit from
the changed role of the consumers to participators, which injects dynamism into the market;
thirdly, increasing the overall efficiency of the existing power system, which could potentially
benefit the network owners and operators. However, the power distribution network is a
relatively weak system where voltage fluctuation and frequency variation (when in amicrogid
operating mode) can happen easily [22]. Fault level contribution of distributed generation has
recently become another issue in some systems particularly urban distribution networks where
the power density in MW/km? is high [23]. Furthermore, the concerns about the availability
and reliability of distributed generation never fade away in the mind of all playersinvolvedin
the power industry. Apart from the numerous methods that aim at increasing the distribution
network robustness, the quality of the control of the distributed generation devices directly

affects the stability of the system.

It was a quite ssimple role that the renewable generation used to play in the distant past: to
generate and providing power to the utility grid. When the penetration level waslow, they were
usualy regarded as ‘negative loads'. During grid faults, the distributed generation were
allowed to disconnect in order to protect the equipment from being damaged. However, with
more and more renewabl e generation connected to the grid, such a pure negative power source
operation could cause problems. The generation systemswould naturally be required to provide
grid support in terms of voltage and frequency control during normal operation. Another
stringent requirement which has presented challenges to most manufacturersis grid fault ride-
through or low voltage ride-through [24]. When afault happens in an adjacent area of where a
considerable amount of renewable or embedded generators are providing power, which could
cause the generatorsto quit, theloss of power provided by the generators could make the utility
voltage drops even more and cause further problems. Reconnection after fault clearance would

take time. The situation has generally changed nowadays. The renewable and/or distributed



generation is now generally required to remain connected during the fault to provide support
to the grid immediately after the fault clearance. This brought challenges to the control system
design, particularly associated with grid connected inverters. These requirements are special to

generation rather than load technologies.

Three-phase inverters are often used to interface the renewable or distributed generation
devices to the grid in order to cope with inherent variability of the sources. For large wind
turbines, sometimesthe generator is directly connected to the grid but not always. For off shore
wind farm, the connection to the main grid is usualy via a HVDC where an inverter is
necessary to covert the power from d.c. to a.c.. For small wind power generators, a grid
interfacing inverter is often required as the power from the generator is usualy converted to
d.c. for power quality control and maximum power tracking purposes etc. The solar panelswill
necessarily require a grid interfacing inverter as their power output is in term of d.c.. Among
many situations that would cause the grid connection of the inverter to trip, the unbalanced
faults are some of the most chalenging and important because the commonly used voltage
source converters (VSC) are very sensitive to a.c. side voltage unbalances; a commercial drive
system with an active front-end rectifier (which isaV SC) would usually trip upon detecting a
2% content of negative sequence voltage [24]. The conventional control schemes designed for
operation under balanced utility voltage, e.g. the voltage oriented current control with smple
synchronised reference frame phase-locked-loop, are not able to yield satisfactory results
during the unbalanced grid fault ride-through. The consequences include low order and even
order harmonic injections and even damage to the power modules as well as capacitorsin the
inverter dueto excessive currents. Apart from the gird faults, unbaanced |oads and unbalanced
generation on the three phases can also cause sustained voltage unbaance at the point of
common coupling (PCC) with respect to the converter connection. As the grid operators are

always aiming at balancing the network, the level of unbalance due to the unbalanced load or



generation isusually very small but could last much longer than the fault. Therefore, a control
strategy with unbalanced utility voltage tolerance is necessary for grid connected inverter
systems. Many researches have addressed this issue and several solutions have been reported
[25-28]. However, previous studies usually focused on the steady-state performance while fast
response with adequate transient stability needs further investigation; the key is to quickly
identify the positive and negative sequences in the reference voltage for control. This defines

part of the context of this study.

Asanaysed above, there isthe need to reduce the system cost and improve reliability. This has
given rise to the incentive to develop control techniques without using some of the sensorsin
astandard system which isshownin Figure 1.3. This study concentrates on achieving the above
control objective without using the sensors to measure the grid voltage at the PCC. The current
sensors are retained because the semiconductor devices require that the converter currents are
always under strict control to avoid overloading. A brief analysis on the performance of the

voltage-sensor-less control will be provided in Section 1.3.5.
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1.3 Complianceto grid code

When renewable power was only asmall part of power generation in the system, the renewable
generating units were treated just as negative, passive loads which took little responsibility
towards the reliable and stable operation of the power system. Asthe penetration of renewables
increases, grid codes are modified to specify the requirements on their performance and
functionalities during normal operation and system abnormalities, such as faults. Requirements
areimposed on renewabl e generation connected to both transmission and distribution networks
[29]. In this section, the requirements issued by grid codes and technical recommendations are
introduced. For large scale generations, some of the functions required by the grid code such
as frequency adjustment and reactive power compensation will be done by adding additional
control loop to the control system, which are not included in this research. Further research
should be done in the future. For the small scale generations, it is not possible to affect the grid
frequency or dealing large impact on the grid voltage. These grid code requirements are only
mentioned to clarify the different situations that an inverter could encounter during on-line

operation.

Traditiona synchronous generators are connected to the grids directly while many renewable
power generation systems are connected through a power electronics conversion stage.
Therefore, the control capability and limitations of the converters are of serious importancein
terms of grid code compliance. Nowadays, voltage source converters (VSCs) are used as
standard in most systems, and this thesis will focus on the standard 2-level VSCs which are
commonly found in wind turbines and PV systems. The study further focuses on the grid side
converter. The relevant aspects of grid codes are harmonics, restrictions on the variation of
power generated and grid fault ride-through capabilities. This section briefly reviews the main

points of these aspects.



1.3.1 Harmonic limits

It is the responsibility of the utilities to make sure that the voltage at the connection point of
the generation, which is usually also the point of common coupling (PCC) other circuits, is
phase-balanced and the harmonic content is below certain level. Current harmonic injection
into the grid by the inverters should follow the requirements to the general load [30]. The
harmonic requirements provided by IEEE Std 519-1992 is generally accepted and followed by
many grid codes of different countries. Table 1.1 summarizes these requirements, taken from

|EEE Std 519-1992.

The harmonic content in the current produced by the grid connected inverter isusually regarded
as low because of the high switching frequency of modern PWM (pulse-width modulation)
processes, >2 kHz. Multiple level inverters are increasingly used for high power applications.
The equivalent switching frequency is high although the actual switching frequency of
individual devices is kept low to constrain the switching losses [24]. However for the reason
to be shown in Chapter 2, there is the risk that some unusual harmonics, such as even order
harmonics, injected into the grid could exceed the limit in poorly designed converters due to
incomplete understanding of the physical phenomena in the converter and its control system.
The non-ideal characteristics of the devices can also cause harmonics as shown in [32]. The
main objective of this study is about control of the grid interfaced inverters under abnormal
grid conditions, harmonics are not amajor concern and the main purpose of harmonic analysis
in thisthesisisto guide the controller design and identify the cause of the harmonics that have

not been eliminated in the test results.



M aximum Har monic Current Distortion in Percent of I

Individual Harmonic Order (Odd Har monics)

I'scflL <11 11<h<17 17<h<23 23<h<35 35<h TDD
<20* 4.0 20 15 0.6 0.3 50
20<50 7.0 35 25 10 0.5 8.0
50<100 10.0 4.5 4.0 15 0.7 12.0
100<1000 12.0 55 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 25 14 20.0

Even harmonics are limited to 25% of the odd har monic limits above.

Current distortionsthat result in a dc offset, e.g. half-wave converters, are not allowed.

*All power generation equipment islimited to these values of current distortion, regardless of actual Isc/l..

Where

Isc = maximum short-circuit current at PCC

IL  =Maximum demand load current (fundamental frequency component) at PCC.

TDD =Total demand distortion (RSS), harmonic current distortion in % of maximum demand load current
(15 to 30 min demand)

PCC = Point of common coupling.

Table 1.1 Customer current harmonic limits, taken from [30]

1.3.2 Requirements during normal operation

A feature of renewable power generation, particularly wind and solar PV, isthe unpredictability
of the input power. For economic reasons a power system is designed to withstand a limited
amount of sudden power change and in practice this is usually set as the loss of a maximum
power plant [33]. The way to provide the support is traditional spinning reserve although

energy storageis being actively developed as a more efficient alternative.

Aswind power become asignificant part of the overall generation, it has been required to share
the duty of frequency regulation in the power system. Figure 1.4, taken from Irish grid code
[34], shows the requirement to wind farms during grid frequency deviation. About 5%

headroom is kept during normal operation so that the wind farm can produce more real power



when called upon. This can be wasteful as on average for every 20 turbines built, 1 is kept as
reserve which is not generating power. Figure 1.5 shows that as the grid frequency reduces by
2 Hz, the wind farm output would increase by 5% of the initial power. Even assume that the
wind farm was initially operating near its maximum power, thisis about 25 times weaker than
the frequency response of atraditional thermal or hydropower plant with a typical 4% power-
frequency droop, suggesting that other means of frequency regulation such as energy storage

and spinning reserves would still be needed.
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Figure 1.4. Grid code requirement for wind farm output during frequency variation, taken

from [34]

However the power output of a modern turbine can respond very quickly owing to the modern
power electronic converters included in the system. It is partialy for this reason that recently
in some countries, it has been seriously considered to require renewable power generation
systems to provide fast and aggressive response to small deviations of system frequency. This
is typically implemented through the concept of synthetic inertia emulating the change of

kinetic energy in a synchronous generator [ 35]:

of
AP=-2H 2 11
ot
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where H is the H-inertia constant of the emulated power plant, typically 4-5 seconds, fpu the
per unit frequency of the a.c. system and AP the per unit power increment of the wind or

renewable power plant. t isthe time.

Thewind farms are now also responsibleto the voltage and reactive power control of the power
system. Thisis usually specified as the range of lead to lagging power factor to be provided by

the farm at different real power levels.
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Figure 1.5. Wind farm active power output under frequency variation, taken from [ 34]

1.3.3 Fault-ride-through capability

Large synchronous generators can usually remain connected during a short circuit fault in the
transmission network lasting for about 100-200 ms. The generators will feed current into the
fault and the protection relays of the power network are based on this. A couple of reasons
contribute to the capability of the synchronous generators. 1) the relatively rugged diodes and
thyristors used in the brushless excitation system [33], and 2) the damper windings in modern
machines which to some extent screens the rotor circuit from the effect of the stator side fault
current [35]. The main concern is whether the synchronous machines can maintain

synchronism with the rest of the grid after the fault clearance.
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In the past when renewable power generation was treated as a negative load, there was no
specific requirement to it but this situation has dramatically changed in the last 15 years.
Stringent requirements are now included in the grid codes of almost all countries to ensure
secure operation of the power system [36]. When renewable generation is now integrated or
embedded into the transmission or distribution networks, the general expectation is that the
new type of generation should behave like traditional synchronous machines. The generation
units should possess the capability to ride through grid abnormalities. For instance, the UK
National Grid Code requires that al wind turbine generators should remain connected to

support the network and assist fault recovery if the transmission network voltage (any phase)

undergoes the profile as shown in Figure 1.6 [34].

Fault Ride Through Capability of Wind Generation
U/Un

90%

15%

T T T T
0 150 625 3000 (ms)

Voltage vs Time Profile at Connection Point

Figure 1.6 Grid code requirement for wind generation supporting the grid during grid faults,

taken from [34]

A renewable power generation unit is interfaced to the grid fully [38-41] or partialy (like a
doubly fed induction generator [36, 42-44]) through a power electronic converter. The
difficulty for agrid interfaced converter isto ride through unbalanced grid conditionsincluding

faults. Previous studies have considered control algorithms to smooth the d.c. side power [24,
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45] or eliminate a.c. side negative sequence current injection [46-48]. But the algorithms
proposed usually assumed that the grid pcc voltage is measured as the reference for current

control, and the control transients were usually ignored.

There has been the desire to avoid grid voltage measurement in converter current and hence
power control. Reliability isamajor concern particularly in the case when multiple generation
units are connected to the same point of common coupling. A shared voltage measurement
point could then become a single weak link in the design. In [37], Parker proposed a voltage-
sensor-less controller for a single phase, multilevel converter. But for a three-phase converter
where the phases should not be independently treated, further studies are needed to develop the

corresponding controllers.

Immediately following the occurrence of severe unbalanced grid conditions, it isimportant to
quickly capture the grid voltage condition and control the converter current correspondingly.
Many control strategies are based on the decomposition of the fundamental components into
positive and negative sequences. It was shown that [24], large d.c. link voltage transients appear
if the phase sequence decomposition process is slightly slowed down. Therefore it would be
more challenging to achieve smooth control in the overall system with voltage-sensor-less

control, and thisis the main challenge to be addressed in the present study.

1.3.4 Standalone mode

Standalone or microgrid mode of operation is enabled by distributed generation. Many units
indeed possess a power e ectronic interface stage. Control for grid voltage stability is a topic
that is currently under intensive study [49]. There has not been attempt to achieve robust
voltage control in the voltage-sensor-less mode because the duty of voltage stability control is

usually assigned to asingle master voltage source converter in the system with voltage sensors
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[50]. Sensor-less control is still a desired feature for both the master and more distributed

convertersin the microgrid.

Although the grid voltage in the mains-connected mode is usually balanced with less than 1%
of negative sequence [51], voltage unbalanceis likely to occur in microgrid due to the reduced
effect of load or generation aggregation [52]. Therefore three-phase converters may be required

to operate with sustained voltage unbalance.

1.3.5 Cost effectiveness and reliability issue of distributed generation

The distributed generator are predominantly provided by small business owners with locally
installed units such as small wind turbines with permanent magnet generators and domestic
users of solar PV. Many of such applications require a grid interfacing inverter at the output
terminas. The reliability of the grid interfacing inverter contributes a great proportion of the
overall reliability of the generation. Driven by desire of reducing the loss both from energy and
economic points of view, the methods to improve the reliability of the grid connected inverter
wereinvestigated in [53]. Figure 1.7 showsthefailure rate of the components of awind-turbine
and it can be seen that the grid interfacing VSl and its sensors contribute a great potion of the

total failures.
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Apart from the reliability issue, the owners of these generators are surely concerned about the
cost effectiveness of their facilities. A competitive product in this market should be cheap

enough to provide areasonably short pay-back time.

To satisfy both interests illustrated above, an idea of reducing the sensors used in the grid
connected inverter would be attractive. On one hand, the grid interfacing inverter isless likely
to be affected by thefailure of the sensors. On the other hand, the manufacturing cost is reduced
through less sensors used. Among many sensor reduction methods, the voltage-sensor-less
control is especialy attractive for that it enables the system to eliminate the use of the a.c.-line
voltage sensors, which reduces not only the number of sensor components, but also the number
of types of the components. This shortens the supply chain behind the manufacturing and

facilitate the modular design of such equipment, both reducing the cost.

1.4 Project Objectives

The previous discussion showed a clear future picture that an unbalanced three-phase voltage
will becoming a more frequent situation at the interface between the renewable power
generation and the main grid. The capability of dealing with the unbalanced grid-side voltage
is an important aspect for those small scaled renewable power generators e.g. wind and solar
power generators rated at 5 to 10KW, which are connected to the three-phase grid to optimise
their performance. Thethree phasea.c. sideor grid in thisresearch refersto athree-phase three-

wire configuration and as will be shown in the following chapters unless specified.

The previous research has shown discussed several different methods to achieve a.c. voltage-
sensor-less current control, some of them have the ability to ride-through an unbalanced grid
fault. These details will be discussed in the later chapters. However, firstly, none of them has
achieved unbalanced fault-ride-through based on a dq reference frame control scheme without
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using a.c. side voltage sensors. Secondly, the transient response of the control system should
be further improved due to large delay introduced by conventional symmetrical component
decomposition method. Thirdly, steady state operation of the a.c. voltage-sensor-less control
system were the main focus of these previous researches. But how the system is going to

synchronise to the grid voltage when start-up is not made clear.

This research aims at the development of a dq reference frame based a.c. voltage-sensor-less
control agorithm which is able to reduce the cost of the generation equipment either by
improving itsreliability or reducing the manufacturing cost. The proposed a.c. voltage-sensor-
less control system will be able to ride through the unbalanced grid side voltage. This requires

the output power of the inverter can be controlled during unbalanced grid fault:

e to provide support to the grid under unbalanced grid side voltage;

e to compensate the unbalanced three-phase power output.

To overcome the potential threat of over-current when the inverter is not synchronised to the
grid voltage, a start-up process is proposed in this research with direct current controllability.
The power during this period should also be controlled for protecting other components on the

circuit board.

The delay introduced by the symmetrical component decomposition system will deteriorat the
performance of the current control. A faster symmetrica component decomposition method

will be proposed to improve the transient response of the control system.

It is essential to this research to make understanding on the stability issue of a grid connected
inverter system. The knowledge of a general design approach of an observer based voltage-
sensor-less control system is proposed based on the analysis of the control parameters which

affect the system stability against different source of the disturbances.
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The following aspects will be clarified in the rest of the thesis:

the structure of a voltage-sensor-less controller;

o the parameters and their effect on the system performance;
e the disturbances with respect to the system stability margin;
¢ thedesign objective and its physical necessities;

e thegenera design approach of the parameters for tuning the controller.

1.5 Main Contributions of the Thesis

Initial synchronisation without a.c. voltage sensors. Severa previous research studies have
discussed the voltage-sensor-less control of agrid connected VV SC for normal operation aswell
as the system performance under distorted grid voltage conditions [54-57]. However one
important step for operation of the grid connected inverter, , the initial grid synchronisation,
has been largely ignored. In this research, the initial synchronisation to the grid voltage before
start-up is proposed. This is achieved from estimation/calculations based on the system
response to the switch control commands without voltage sensors. An initial synchronisation
method is devel oped to ensure the safety of both the power modules and the d.c. link capacitor.
This provided a safe method to synchronise to the grid voltage without using voltage sensors.
Thisalso provides an alternative way to achieve grid synchronisation for 2 level grid connected
inverterswith a.c. voltage sensors, improving thereliability of the conventional system through

redundancy.

Faster PLL system design for unbalanced utility voltage: Asan important part of the control
objective, the unbalanced operation of the grid connected VSCsisafocus of this study. A new
PLL system is proposed and tested to solve the problem of oscillation and slow transient

response of conventional PLL systems for decomposing the fundamental frequency
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components of the positive and negative sequence from the total. The proposed PLL system
enhanced the transient response of the proposed voltage-sensor-lessVV SC against utility voltage

disturbances.

A generalized control method for the grid connected inverter for wind and solar power
generation where agrid interfacing inverter is needed is presented by thisresearch. Astherated
power of the model being developed in this research is between 5-10 Kw, the inverter will be
obliged to connect to the distribution network. The three-phase four-wire topology istypically
used for modelling the grid side. But this generalized control method is also expandable to be
of higher rated power. By adopting inverter with its topology suitable for high power
applications, the control method can also be used in the applications connecting to the
transmission network but it requires more research. By summarizing the design procedure of
the proposed voltage-sensor-less system, stability analysis was carefully carried out and is

presented in the thesis.
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Chapter 2 Current Control of Voltage Source Converter

2.1 Introduction

The current controller of agrid connected inverter isresponsible for determining the switching
duty of the power modules to produce the desired current waveform. A well designed current
controller should be able to track the reference current without any steady state error. And the
response of the controller should be swift when the command changes and the controller should
also berobust in different network conditions so that the system is protected from being tripped
out or damaged by the utility voltage variations. As required by various grid codes [34], the
low order harmonic output is restricted and the controller should be designed without any
oscillation modes with any residual harmonics in the output. The current controllers can be

roughly categorised into linear and none-linear current control methods.

The select of the current control technique varies with the aims of applications. For instance,
the current control of ashunt connected active filter requires a high band width tracking ability
to compensate the harmonic current injected into the grid by other none-linear loads, while
others such as the current control for agrid connected inverter for renewable power generation
requires minimum harmonic injection. In this chapter, different current control techniques are
introduced and compared. The select of the current control of the voltage-sensor-less control

system are made based on this comparison.

Differing from linear current control method, adistinct characteristic of the none-linear current
control method is that the switching duty is directly generated by the controller to drive the
power modules. On one hand, this characteristic often comes with none constant switching
frequency which could result in the low order harmonic injection which is not desirable. On
the other hand, the none-linear current control methods are often free from controller
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bandwidth restriction as the switching duty is directly controllable which lead to a faster
response and robustness. As the linear current control method has the output of the current
error compensation algorithm feeding into a separate gate signa generator, which is often a
PWM signal generator, a constant switch frequency can be achieved to prevent the low order
harmonic injection. In this research, the full control scheme proposed benefits from both the
linear and none-linear current control. A summary of different types of current controllersis
provided in this chapter for overviewing the existing techniques and explaining the selection

for the current controller in this research.

2.2 None-linear current control: hysteresis control

Hysteresis current control is classified as a none-linear current control method. It directly
controls the switching duty of the power electronic modules to force the current output to track
adesired value or waveform. Several advantages such asahigher stability margin and the better
tracking ability over other current control methods have been reported in [58, 59]. Moreover,
fixed-band hysteresis current control has a very simple controller algorithm and small
computational burden yet it has another advantage. This control method does not introduce any
voltage feed-forward to minimise the transient response. During normal operation, the grid
voltage is only sampled for generating correct current reference to achieve a desired power.
Therefore, it is potentially very useful in cases when the grid voltageis not available while the
current should be limited in order to protect the power electronic devices e.g. start-up of the

a.c. voltage-sensor-less control of the VSI.

The principle of hysteresis current control is simple, applying the assumption that the d.c. link
voltage are sufficiently higher than the peak to peak value of the utility a.c. voltage (line-line)

so that the switching action always achievesits desired effect. ThisisshowninFigure2.1. The
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sampled current values are compared with the current reference. When the sampled current is
shown to be smaller than the current reference, asignal to turn on the upper switch (after turning
off the lower switch) of the phase-leg is given to raise the current. Similarly asignal to turn
on the lower switch of the phase-leg (after turning off the upper switch) is given for bringing
down the current when it is above the current reference. It is obvious that the update of the
switching state is synchronised to the sampling process. Ideally, with an infinite sampling and
switching rate, this mechanismis ableto control the current to track its reference value without
error. However, in practical applications this is hardly achievable. Firstly, the state of
conduction or blocking of power electronics devices will not change instantly due to the
physical nature of the devices. Secondly a dead-band is introduced to protect the upper and
lower arms from shorting-through the d.c. link. Therefore a delay of turning on the in-coming
device is introduced. Thirdly, the switching frequency of the power modules cannot be
infinitely high by considering the switching losses. For anal ogue controllers, the noise problem
would degrade their performance and hence they are not considered. Due to these reasons, the
current reference usually sits within a tolerance range for finite switching rate [60]. This is

known as the hysteresis band, and the control strategy isillustrated in Figure 2.2.
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Figure 2.1 Circuit diagram of atwo-level single-phase inverter
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Figure 2.2 lllustration of current hysteresis control

The draw-back of fixed-band hysteresis current control is well known as the production of a
wide range of harmonic frequency components, which makes the filter design difficult. For the
fixed band hysteresis control, due to change of the grid voltage within afundamental cycle, the
voltage drop across the coupling impedance is not constant and this makes the current rise/drop
to have different rates at different time points. The sample will not be naturally locked to the
event that the current value passes the hysteresis band. During the time that the current value
is between the upper and lower hysteresis band, the states of the switching devices are held.
The hysteresis band should be designed taking the coupling impedance, the sampling rate on
the control board and the d.c. as well as a.c. side voltage into consideration to minimise the
difference of the number of samples among the switch duty updates so that the switching

frequency is approximately constant.

Giventhe 2-level converter topology, the output voltage at theinput terminal of thefilter should

be either +V4d/2 or —V4d/2, with respect to the d.c. neutral. As the switching frequency of the
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hysteresis control is not constant but dependent on the operating conditions, the terminal
voltage cannot be ensured to be zero sequence free. This results in the interference between
phases. The current flow through each phase is no longer decided by the load and the phase
voltage in this phase but is also subjective to the effect of the line voltage. In [61], the effect of
the phase interference is evaluated and improvement to the hysteresis switching aiming at
constant switching frequency is made. However, for many control systems, the load or grid
parameters could be essentia but are usually hard to be obtained; the methods increase the

complexity of the control system configuration.

The well-known drawback of the fixed-band hysteresis current control, i.e. the unpredictable
harmonic content which makesthefilter design difficult, is due to the unequal duration of each
switching duty update and thisis caused by voltage drop variation asillustrated above. Ideally,
switching duty updates should be made on a regular basis. Although many methods were
proposed to provide some the harmonic rejection features for current hysteresis control [58, 62,
63], these methods are mostly trying to adjust the hysteresis band by a.c. source voltage or
prediction from the VSI output. By adjusting the hysteresis band, a more constant switching
frequency can be achieved. The methods rely on the voltage measured at the PCC which is not
desired in this research because the use of the voltage sensors will be eliminated. Some of the
methods above aim at working out a predictive scheme to minimise the switching frequency
variation at a cost of increasing the sampling frequency instantaneously to as high as 300 kHz
[58], which is not redlistic in many high power applications. Such controllers may increase the
cost of building the power control system hardware and therefore they are not considered any

further.
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2.3 Linear current control methods

The linear current control methods have been widely used for better performance in terms of
reduced low order harmonic injection as compared to the non-linear current control methods,
such as the current hysteresis control described above. The current control algorithms to
generate the voltage command signals have been developed based on many different models.
The performance of the current control algorithm directly affects the control quality of the VSI
system and thus needs to be examined. In this chapter, the current control algorithms are

compared and discussed in terms of their stability, speed and accuracy.

2.3.1 Ramp comparison current control

The PI controllers are widely used in many control tasks and the simplest way to use such a
controller for VSI current control purpose is the method known as ramp comparison current
control. The error between the phase current and its reference is directly feed into the PI
controller to generate the voltage command signals, aiming at driving the error towards zero.
A voltage feed-forward term is often applied to the command signals in order to minimise the
transients in response. Then the gate signals are generated depending on the method sel ected
such as SVPWM and SPWM. However, this technique is usualy insufficient due to the
inherent tracking error associated with the Pl regulator tracking a sinusoidal signal, unless a
controller structure of ahigher rank isdesigned [64]. The structure of aPI controller for current

control, in the phase or abc reference frame, is shown in Figure 2.3.

Asthe error between the current reference and the phase current feedback can be sinusoidal in
the natural abc reference frame, the output of the Pl controller has a phase delay compareing
to theoriginal error. The output of the PI controller as avoltage compensation will result in the

current compensation further being delayed due to the coupling inductance. In the steady state,
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an inherent tracking error will be clearly visible in the ramp comparison current control.
Furthermore, the ramp comparison current control is seemingly simple but comparing to the
dg-decoupled control (to be explained next) and the proportional-resonance (PR) current
controller on the alpha-beta reference frame, more control actions are needed. Thus the cost
effectiveness of such asimple Pl controller interm of the computational power isnot attractive.
This conclusion has been verified by several different studies. Figure 2.4 shows the simulation

results of a Pl based ramp comparison current control, with significant tacking errors.
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Figure 2.3 System diagram of ramp comparison current control
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Figure 2.4 Tracking error of the ramp comparison current control

2.3.2 Dg-decoupled current control

The dg-decoupled control is the most widely used current controller structure. It also utilizes
the Pl algorithm in the control scheme but it has several advantages over the ramp comparison
current control. Conventionally, the balanced three phase voltage signals are transformed into
the direct and quadrature axes using the dq transformation. Through this transformation, all
three phase sinusoidal signals are represented by the corresponding direct and quadrature axes
components. For an ideally balanced three-phase utility grid voltage, the direct and quadrature
components are constant or d.c. values, while the dq reference frame rotates at the synchronous
speed with respect to the abc reference frame. A synchronous reference frame based phase
locked loop (SRF-PLL) [65-67] can be utilized to track the necessary phase angle and
amplitude as well as the frequency for the downstream control stages. By applying the SRF-
PLL, the dq rotating reference frame is defined according to the grid voltage vector. The dq
transformation is also applied to the current signals. The direct and quadrature components of

the current are the vector projections to the dq reference frame defined by the reference grid
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voltage vector. The controller stricture is shown in Figure 2.5. In the steady state, the current
signalsiqg and iq are also d.c. values. Asthe control signals (commands) for the Pl controller in
the dg-decoupled current control scheme are d.c. values, the current control can be done
accurately using a Pl algorithm without steady state error. The current references for iq and iq
could be generated from the desired real and reactive power by the power control algorithm
based on the input condition and the utility voltage [68-71]. By changing the iq and iq

references, the real and reactive power at the receiving end can be controlled independently.

In this way, the VSI system can be usualy regarded as a second order system and the
optimisation of such asystem iswell established in control theory [64]. The optimum response
can be achieved by adjusting the proportional and integral control gains. The detailed
discussion of the tuning procedure of the current controller, as applied in this study, will be
provided in Chapter 5. Figures 2.6 and 2.7 show the simulation results of the dg-decoupled
current control tracking different reference. Figure 2.8 shows the sinusoidal reference under

which, the current response is shown asin Figure 2.7.
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Figure 2.5 Dg-decoupled current controller structure
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Figure 2.6 Simulation result of dg-decoupled current control tracking constant dq reference

Figure 2.7 Tracking error of dg-decoupled current control tracking sinusoidal dq reference
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Figure 2.8 Sinusoidal dq reference

As can be seen from the simulation results, the dg-decoupled current control yields satisfactory
result in term of the control accuracy. However, with non-idea utility voltage e.g. with
unbalanced utility voltage, asthe negative sequence component will become 100 Hz oscillation
in the positive sequence dq reference frame as discussed previoudly, the Pl controller will not
be sufficient for tracking sinusoida control reference. The current control will suffer from
inherent tracking error because of the limited bandwidth of the PI controller. Besides, as the
100 Hz oscillation of the dq reference frame will be transformed to abc natural reference frame,
not only the negative sequence component but also a 3" harmonic will appear in the voltage
command signal which results in the undesired harmonic injection. To overcome these
drawbacks, the input to the dg-decoupled control needs to be oscillation free. The improved
PLL system are going to be utilized for this purpose, as will be discussed in the following

chapter.
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2.3.3 Proportional-resonant current control

The proportional resonant controller has a good performance on regulating sinusoidal control
signal. The characteristic of this controller gained its attention for the potential to improve the

ramp comparison current control by replacing the Pl controllers.
The PR controller has a frequency selective property.
The transfer function of the PR controller is given by:

K
G(s)=K_+ L 2.1
®) P s+ w?

where proportional gain K, and resonance gain K, are equivalent to the proportional and

integral gains of the Pl controllers respectively and o is the resonant frequency.

Harmonic rejection is one of the advantages of the proportional-resonance control technique.
Because the control feedback of the system is the sinusoidal signa which could be the
measured three phase signals in the natural three-phase reference frame, simpler controller
structure can also be used, e.g. the reference frame transformation is eliminated. As the control
system is designed to control the sinusoidal signals at a certain frequency, the non-resonance
frequency component are rejected in the output. Thisleadsto asimpler control system structure
without the decoupling of dq axes interactions, which often presents in PI-SRF based current
controllers. However, apart from the advantages mentioned above, a few aspects could
potentially decrease the system performance. The grid frequency as the key controller
parameter, which is not directly available from the measurements, may need to be obtained via
an additional stage to achieve accurate control. Given that the frequency may deviate from
50Hz, additional algorithms such as PLL or FLL are still required and the control system can
still be complex. Considering the noises and harmonics in rea applications, the frequency

estimation will need further filtering to prevent causing oscillations in the control system.
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Therefore the drawback of requiring the frequency parameter from an additional stage reduces
the overal system responsiveness. Also, the PLL and FLL systems are often integrated with
coordinate transformation between the stationary and synchronously rotating reference frames.
This leads to natural reference frame control becoming meaningless. Alternatively, reducing
the quality factor of the PR controller to enlarge the passing band of the controller could make
the system more adaptive to frequency deviation but at the cost of the reduction of the

frequency selectivity [72, 73].

2.3.4 Harmonic reduction

One common source of low order harmonics e.g. the 5" and 7" harmonic is the voltage drops
across the semiconductor devices particularly unipolar devices such as IGBTs and diodes,
which are not fully compensated. In [74-77], the cause of the 5 and 7™" harmonics also known
as characteristic harmonics, injection is reported. The first source of these characteristic
harmonic injection is the dead-time effect. The dead-time isintroduced to protect the VSI from
short circuiting due to the turn off delay of the semiconductors. If it is not criticaly designed,
the unnecessary dead-time would bring non-linearity into the output, causing harmonic
injection. Asthe conduction of the semiconductorswill apply afixed voltage drop between the
input and the output depending on the material used for the semiconductors and the device
design, this non-linearity characteristic resultsin the second source of the 5" and 7" harmonic
injection as suggested in [ 75, 78]. The on-state resi stance of the semiconductorsisalso asource
of the conduction loss which aso causes voltage drop across the devices. However, as the
voltage drop associated with the resistance has a proportional relationship to the current output,
it is not considered as the source of the harmonics. Based on the understanding of the cause of

the mutual relationship between the harmonic injection and the non-linear characteristics of the

32



semiconductors, the controller design should avoid resonance at any of these harmonic

frequencies.

In [66], compensation to the voltage reference of the PWM pulse generator is made based on
the measured voltage drop. In the conventional control scheme, the power e ectronic devices
are assumed to beideal and the error between the output reference voltage and the actual output
is generated in rea application. By taking the voltage drop across the semiconductors into
account, this method aims at achieving accurate output of the desired voltage at the converter
terminals. As the compensation is a fixed value applied to the output reference positively or
negatively based on the sign of the reference and irrelevant to the system feedback, this
approach is regarded as the open-loop approach in the harmonic rejection associated with the

non-linearity of the semiconductors.

Considering the harmonics can be separated by PLL systems as discussed in Chapter 3, the
closed-loop control can be utilised to compensate the harmonics. The commonly appeared
characteristic harmonics will be on the as 6" and 12" harmonic on the dq axis. A simple
solution would be cascading a PR controller in parallel with the Pl regul ator of the dg-decouple

current control asintroduced in [77].

2.4 Chapter Summary

In this chapter, the advantage and disadvantage of different current control techniques are
discussed. The hysteresis current control has the advantage of the fast transient response and
easy current limiting mechanism. It can be utilized to ride-through large variation of the system
e.g. initial synchronisation to the grid when start-up detailed in the later chapters. However it
is not feasible for long term operation of the VSI for its poor performance in term of harmonic
injection. For steady state operation of the VSI, the linear current control method should be

33



selected. Among linear current control methods discussed, the ramp-comparison current
control isnot considered as a satisfactory solution for the steady state error caused by itslimited
controller band-width. Between the rest two control methods, the PI-SRF based current control
is preferred for the following reasons:. Firstly, compared with that of the SRF-PI based current
control, the performance of the PR controller is heavily dependent to the accurate information
of the grid frequency. The robustness of the SRF-PI based current control to the grid voltage
variation is advantage. Secondly, the SRF-PI based current control has been used in control
practice of the motor drivesfor along period of time and proved to be mature and satisfactory.
It will be easier to put the proposed current control method in this research into practice as the

coding of the SRF-PI based current control algorithm will be easily available.



Chapter 3 Grid Synchronisation Techniquesfor Grid Connected

|nverter

3.1 Introduction

The operation of a voltage source inverter requires the information of grid voltage as a
reference to achieve a desired power [79]. Considering that renewable power generation is
usualy connected to weak points in the a.c. grid where voltage unbalance and harmonic
distortion can often be presented, the phase-locking and symmetrical components
decomposition of the grid voltage is crucia to the performance of the VSI control. The
symmetrical components decomposition is aso required for deriving the current command
signals therefore it is also an important factor for defining the performance of the current
controller [31, 79]. In this chapter, the techniques required for achieving the desired current

control isintroduced.

Traditionally, the development of the control strategy for the grid connected inverter is based
on the measured grid source-voltage and this strategy has been widely adopted in various
applications including harmonic filtering, reactive power compensation and grid fault ride-
through.  Sensor-less control without measuring the grid source voltage is gaining attention
in recent years [80]. Compared to the control models with the grid source-voltage measured,
the a.c. voltage-sensor-less control has several advantages. First, the cost of hardware is
reduced as less components are required. Second, the level of modularity of the system is
increased in both hardware and software to facilitate the mass production. Third, the reliability
of the system is increased, as shown in Figure 1.7 by the failure rates and downtimes caused

by sensors in the control system of a wind turbine system. It is clear that power electronic
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converters, which are the maor part of the electrical and control systems, contribute

significantly to both.
3.2 Grid synchronisation methods

For convertersused in a.c. power systems, one aspect of control isawaysto maintain the target
power factor. The target power factor is set along with other control objectives. For instance, a
domestic solar panel ismost likely to output power through a grid interface inverter with unity
power factor for maximise the usage of the current rating of the power modules and economic
benefit, whileaV AR compensator is going to operate at very low power factor asit is deployed
to support the grid with reactive power rather than real power [10]. The grid synchronisation
isavery important piece in the controller of the grid connected inverter, and for the reason to

become clearer later, this depends on the converter operation mode.

The PLL is included in the control system for processing the measured signals in order to
acquire the angle reference to define the rotationa reference frame as well as the grid
frequency. It isakey component in the voltage oriented current control system aswell as many
other control functionalities synchronised to the utility voltage [81-84]. The control of real and
reactive power flow is achieved with correct synchronisation to the grid. Among the schemes

of PLL, the synchronised-reference-frame phase-locked-loop is the most widely used.

The PLL system is also a key component in the a.c. voltage-sensor-less control studied in this
project. In addition to the reasons described above, the system stability isalso highly dependent

on the performance of the PLL.

The basic phase-locked-loop consists of a phase detector, aloop filter and a voltage-controlled
oscillator [85-88] asshown in Figure 3.1. For practical PLLsused in converter control systems,
especially those connected to three-phase grid systems, the algorithm representing the phase
detector can be different but the basic structure remains the same, as shown in Figure 3.2. A
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detailed review of the phase detector of the three-phase PLL will be provided later.
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Figure 3.1 Block diagram of a basic phase-locked-1oop

The phase detector is used to determine the phase angle of the input signal. The main
functionality of the loop filter which has a low-pass filtering characteristic and is usually
realized based on a Pl controller is to suppress the high-frequency noises of the output of the
phase detector [87-90]. Also, the system performance e.g. the damping effect and bandwidth
can be adjusted by tuning the loop filter gains [89, 90]. The voltage controlled oscillator VCO
translates the output of the loop filter into the frequency variation which is needed for tracking

the phase of the input signal.

The conventional SRF PLL is widely used in control system of three-phase voltage source
converters [81,91]. The input to the SRF-PLL is assumed to be balanced and sinusoidal.
Therefore the inputs can be redefined in a synchronised rotational reference frame asdirect and
guadrature signals which are constant values through an abc-dq transformation, as shown in
Figure 3.3. The PLL system provides the phase angle to the abc-dq transformation so that the
voltage vector is aligned to the d-axis of the synchronised reference frame. The value of the
quadrature signal scaled by the amplitude of the voltage vector, which equals sin(@), can be
viewed as the phase angle difference in the small signal model. In this case, the abc-dqg
transformation can be viewed as a phase detector. The phase differenceis then passing through

theloop filter to generate the frequency error. A feedforward term of the grid frequency, which
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is wsr=2n50rad/s, is added to improve the system dynamics. The phase angle which isfed back
to the abc-dq transformation is the integration of the estimated grid frequency. In the steady
state, the quadrature component will be derived to zero and the information of the amplitudeis

contained in the direct component.

Figure 3.2 Block diagram of the SRF-PLL for three phase system

In practice, vq is usualy normalized by the amplitude of the voltage vector and it will be O
when the SRF-PLL reaches the steady state. Knowing that for very small 6, this phase angle
equals sin(f) which isvq divided by the voltage amplitude. The diagram above can be redrawn
using a small signal model as shown in Figure 3.4, where the input and output are the

guadrature signals (neglecting the variation of the amplitude).

e(s)

Figure 3.3 Block diagram of SRF-PLL small signal model

Since the input signal is small and 8 equals sin(6), the output will be small as well. Therefore

¢ equals sin(®). In this case, Kpd =Kveo=1 Where Kyq is the gain introduced by phase detector
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Itisclear that with the closed |oop diagram given above, the SRF-PLL system can be analysed

by the transfer function below:

v, (s) _ Kys+K

H(s)=— = 3.1
Vv, '(s) S+K s+K,
The closed-loop error transfer function is:
S2
E(s)=1-H(s)=——
(s) (s) K 5K, 3.2

It is clear that the system closed-loop transfer function shows a typical second order system

characteristic. The equation can be rewritten into a generalized second order transfer function

format:
20 S+’
H(s) = > _
(s) s*+ 28w, 5+ o} 33
SZ
E(s) = 34
(s) s’ +2fw, S+ 0}
where

, = \/K 3.5

Kp
K,

where ¢ isthe undamped natural frequency and ¢ isthe damping ratio.

It is usually desired that the damping ratio of a second order system to be around v/2/2 for
the optimum response. The undamped natural frequency thus the integral gain K; of the Pl
controller and the damping ratio & together decide the response time of the system. The settling

time of the system is proportional to the time constant under certain damping ratio. With the
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settling time defined by the design specification, the gains of the Pl controller can be decided
accordingly. Generally, the settling time is defined as the time from the start of the unit step
input to the time when the error decreases to 1% of the step input. An approximate mathematic

relationship between the settling time of the system and the time constant is given below.

t, = 4.67 3.7
where
- L 38
co, '

Kp = 2§a)n = t_ 3.9
21.16
K =0= 2 3.10
where
‘f:g 3.11

It is worth noting that the transfer function and the PI tuning technique discussed above are
built on the small signal model where the deviation of the input is assumed relatively small. If
the variation is significantly bigger and is not negligible when compared to the direct signal,
the above transfer function is no longer valid. The approximation sin(@) equals 6 is not
acceptable and linearization around a larger 6 leads to a smaller Kpg. This indicates that the
PLL system tendsto react slower for abigger input signal and the system dynamics should also

be redefined as the damping ratio changes. Therefore the equations above can be used as a

40



guidance for tuning the system but not to be used to predict the global response of the SRF-

PLL system.

The following diagram, Figure 3.4, shows the SRF-PLL response with different parameter
settings to achieve settling time 0.04s with different damping ratios guided by the Equation
3.7. Theinput signa is the voltage of athree-phase, 230V system. A 30 degree phase jump is

applied at t=0.1 second.

@

(b) (©)
Figure 3.4 Transient response of the SRF-PLL to phase jump with parameters set to produce

critical-damping, over-damping and under-damping following a small signal model

(a) three-phase voltage waveform; (b) response of Vg estimation; (c) response of Vq estimation
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As mentioned above, the Pl controller which acts as the loop filter in the SRF-PLL system has
alow-pass filtering characteristic and this results in tracking errors when the PLL input is not
constant. For the original purpose of deploying the SRF-PLL, the signals of interest are the
phase angle and amplitude of the three phase input. During an unbalanced grid fault, the
symmetrical components in the positive and negative sequences have their unique
characteristics on the dq reference frame. The positive sequence signa will appear on the dq
reference frame defined by the PLL system as d.c. signals, the same as the balanced inputs
when the gridisin the normal condition. However, the negative sequence will appear as second
harmonic oscillation in the same dqg reference frame; this will actually deteriorate the
performance of the system. For voltage oriented control and other control methods utilizing Pl
controllers based on the dq reference frame, which will be introduced in the later sections, the
oscillating input will cause tracking problems and sometimes, stability problem of the current
controller. This is highly undesirable. There are a few research studies [88, 89] to show that
the problems brought about by the oscillation of the dq signal inputs to the PLL system can be
resolved by reducing the band width of the loop filter, however the background of the these
discussions are usually the oscillation caused by high order harmonics. For oscillation brought
about by the negative sequence, it is at the second harmonic frequency in the reference frame
which is much lower than that caused by the common harmonics e.g. the sixth harmonic
frequency oscillation caused by the 5 and 7*" harmonicsin thea.c. input signal . The bandwidth
of the loop filter should be tuned really low for attenuating the oscillation at the second
harmonic frequency, which severely harmsthe dynamic performance. For conventional voltage
oriented current control with voltage sensorsinstalled, the current reference generated from the
utility voltage in order to achieve the desired control objective such as following the power
references, the poor dynamic response of the PLL system would result in slow power control

against the utility voltage variation. For the a.c. voltage-sensor-less control, the PLL system is
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applied to the estimated voltage signals which are coupled to the current measurements. The
current control stage following the PLL system needs to be tuned accordingly, but this can
result in very poor dynamic response. The poor dynamic response of the PLL system would
also harm the overall system performance including stability. The need for controlling the
negative phase sequence will not be satisfied without additional system to extract relevant
phase sequence information. SRF-PLL aone is not a solution to the control system if
considering the unbalanced utility voltage. Figure 3.5 shows a typical unbalanced a.c. side
voltage waveform and Figure 3.6 shows the simulation results of the PLL output under such

an unbalanced grid voltage condition.

Figure 3.5 Three phase voltage during single phase voltage dip

The above discussion has shown the cause of SRF-PLL performance deterioration under
unbalanced grid voltage condition. The input signals to the SRF-PLL system need to be
symmetrical; in other words they should result in constant values when transformed into the

dg reference frame. To achieve this, the original signals should be decomposed into
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symmetrical components so that signals in each phase sequence are balanced and hence can be
used to drive the relevant SRF-PLL system. Because of that, this study proposes a sequence
decomposition mechanism prior to the SRF-PLL stage. This can be viewed as a modified
version of the originad SRF-PLL system. Two versions of implementing the concept are

detailed in the following sections.

@ (b)

(©) (d)

Figure 3.6 Output of the SRF-PLL during single-phase voltage dip and tracking error

(a) Phase A output and actual value; (b) Phase B output and actual value

(c) Phase C output and actual value; (d) dg vaues



3.3 Decoupled double synchronousreference frame phase locked loop

It is clear that the SRF-PLL alone is not a proper solution for extracting information from
unbal anced three-phase signals due to the effect of the negative sequence and the inability of
the SRF-PLL to track a none constant reference. Therefore, a mechanism that can remove the
oscillating components under unbal anced three-phase inputs becomes a necessity to cope with

unbalanced utility voltages.

The DD (decoupled double reference frame) SRF-PLL [92-94] is a modified version of the
origina SRF-PLL which decomposes the positive and negative sequences by anaytical
calculation. Utilizing the characteristic of the symmetrical components on the synchronised
rotational reference frame, the DD-SRF-PLL has two synchronous reference frames rotating
in opposite directions to lock the phase of the positive and negative sequences respectively. As
discussed in the previous section, for a 50Hz system, the negative sequence component will
appear in the positive sequence reference frame as a 100 Hz oscillation and vice versa. To
extract the positive sequence from the total, the negative sequence values are fed to the positive
onethrough adecoupling network where the reference frameis changed to cancel out the effect
of the oscillation. The negative sequence is extracted in the same way. As the rotational
direction of the positive and negative sequence are opposite, the direction of the g-axis are
different in the two cases. Therefore the feedback signal has different signs in each
decomposition network. Since the symmetrical components are extracted and the direct and
guadrature signals of the positive or negative sequence are now ripple free, the conventional
SRF-PLL can be employed for driving the quadrature signal to zero. Figure 3.7 shows the

configuration of the decoupling network for the positive and negative sequences.
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Figure 3.7 Decomposition network of DD PLL: (a) positive sequence; (b) Negative sequence

(b) Negative sequence

The output of the decoupling network for each phase sequence are then filtered using a first
order low-passfilter in order to stabilize the system by removing the high frequency oscillation

during transient. The complete system is shown in Figure 3.8. The low-passfilter is tuned with
a cut-off frequency of 1/v/2 time of the fundamental frequency as suggested by [92].
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However, such a low-pass filter will introduce a significant delay, and hence poor transient
response. Therefore the system response will belargely limited by the time constant of the low-
pass filter. Since the symmetrical components are extracted by the decoupling network, the
positive sequence vq can be used to drive the conventional SRF-PLL for the phase angle aswell

asthe grid frequency.

SRF-PLL <

VT - ; > V'
abc »| Decomposition _’l L ow-pass-filter = >
> network,
dq* »1 positive sequence —>| L ow-pass-filter I Ve
4~ q
4 v q 1 Iy
-1
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abc > Decomposition —»lLow-pass—fllterI >

network,

negative sequence| L ow-passfilter — VY,

Figure 3.8 Close loop diagram of DD PLL
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In summary, the DDSRF-PLL utilizes two abc-dq transformations, eight adding computations
and four low-pass-filters in the symmetrical components decomposition stage which clearly
shows a higher computational burden comparing to other methods. Therefor the system

response will be largely limited by this value.

3.4 Cascaded delay method

This method has not yet been used elsewhere for converter grid synchronisation, but the idea
has been widely used in power system relaying for extracting the negative sequence component

during abnormalities. The values of the measured utility voltage are delayed by 1/6 of the
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fundamental period. As the positive sequence and the negative sequence voltages are rotating
in the opposite directions, the positive (or negative) sequence in the delayed signals will have
the negative value of the original. E.g. the delayed positive sequence voltage value of phase A
will be the negative value of the original of phase C. The diagram below (Figure 3.9)

demonstrates the placement of the original and delayed phasors.

Figure 3.9 Unbalanced three phase signals and the vector placement of the symmetrical
components before and after applying 1/6 fundamental period delay
It is clear that the combined phasor has one of the sequence components removed but the
remaining one is both amplified and phase shifted. Therefore the combined phasor needs to be
compensated. The original positive sequence and negative sequence signals can be
reconstructed by calculations using the origina and the delayed signals. For example, the

positive sequence value of phase A is calculated by:

a

real —time

+ Coolayed = a'z0+a /(0 —%)+a’4(p+ as(p-n)= \/§-a*4(0 +%) 3.12

Thus

V3

a :?'(areal—tieﬂ +Cddayed)4(¢—%) 313
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where the area-time and Cdeayed are the measured signals; a* and a” are the values of positive and
negative sequence respectively; 6, ¢ and ¢ are the phase angle of the positive sequence and

negative sequence of phase A and the combined phasor.

The values of the positive and negative sequences of other phases can be similarly calculated.

The expressions for the values of positive and negative sequence of all phases are listed below:

. 3
a :%'(areal—tie'n-i_cddayai)Z(qsac _%) 3.14
3
0 =2 ) ) 315
C' = g ' (CreaJ _iem T bdelayed )L((bcb _%) 3.16
_ 3
a = % (A tiem + bdelayed)é(¢ab +%) 3.17
RVAC
b zé'(brealtiem +Cddayed)4(¢m +%) 318
RVAC
C :%'(qwtieﬂ+addayed)é(¢ca+%) 3.19

With the signals of positive and negative sequence decomposed, again a standard SRF-PLL
can be used to carry out dq transformation needed for control purposes. One thing worth
mentioning isthat similar methods can be used on harmonic detection, asreviewed in [95-101].
In this study, a fast symmetrical component decomposition method is proposed only for
decomposing positive and negative sequence, these methods will be useful to expand the
proposed symmetrical component decomposition algorithm to be adaptive to even more

harmonic-polluted grid conditions.
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3.5 Notch-filtering method

By applying Park Transformation, we can transfer the a.c. values on three-phase reference
frame to d.c. values on the synchronised reference frame. The input signals containing both

positive and negative sequence signals can be expressed as:

X, = Asin(ot+¢")+ Bsin(-ot+¢") 3.20
. . 2 . _ 2=x

X, = Asin(ot + ¢ —?) +Bsin(-ot + ¢ —?) 3.21
. . 2z . . 2r

X, = Asin(ot + ¢ +?) + Bsin(-wt + ¢ +?) 3.22

where A and B are the amplitudes and ¢* and ¢ are the phase angles of positive and negative

sequence signals respectively, and w is the rotational speed of the vectorsin rads/s.

Given the transformation matrix of Park Transformation:

cos(@) cos(f - 2—ﬂ) cos(6 + 2—”)
3 3
% 21 21 Xa
Xq =— —Slﬂ(@) —Sil’l(@—?) —Sir'l(@ +?) . Xb 3.23
& 1 1 1 *
2 2 2

Let the transformation be synchronised to the direction of the positive sequence by defining

the angle of the d-axis as:
0 = wt 3.24

The d and g components on the synchronised reference frame after applying the
3.25

transformation are: X; = A-005(¢") —B-9n(2at —¢")
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xq=—A-sin(¢*)—B-sin(a;t—qﬂ’—%) 3.26

The expression of x4 and xq shows that by applying the Park transformation to an unbalanced
three phase signals by defining the rotational direction of the dqg reference frame by the
direction of the positive sequence, the d and g components of the positive sequence are d.c.
values while the effect of the negative sequence becomes an oscillation with the same
amplitude of the negative sequence signals. Thus we can extract the positive sequence signals
by filtering out the oscillation cause by negative sequence signals. Different types of filters are
used to carry out such afunction proposed in [96, 102-105]. Asthe frequency of the oscillation
is known as twice of the fundamenta frequency from the expressions above, a notch-filter is
an ideal solution to carry out the filtering for its high rejection ratio to a certain frequency

component [106-109].

The transfer function of the notch filter is given below:

s+ o}
2 2
S+2-¢-0,+0;

G(9) = 3.27

where wc is the central frequency of the notch filter and ¢ is the quality factor which affect the

frequency selectivity of the notch filter.

By applying the notch filter with the central frequency designed the same frequency to
oscillation of the x4 and xg, the negative component will be eliminated from the d and q

components of the transformation. Thus the information of the positive sequence is extracted.

However, in reality, the fundamental frequency will not stay at its nominal value e.g. 50Hz.
Thefrequency variation in the distribution network is especially frequent. For conventional use
of the notch filter whose central frequency is fixed, the high frequency selectivity will cause
the very limited attenuation to the none-central frequency components. Asthetarget frequency

would be two times of the fundamental frequency, the attenuation rate of the target frequency
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component will be reduced if the grid frequency is not its nominal value. Therefore the notch

filter should be designed to be adaptive to frequency deviation.

In order to achieve frequency adaption, a simple method could be considered. In spired by the
experience from when using PR controller for current control purposes, the quality factor of
the notch filter can be reduced in order to reduce the frequency selectivity [108]. The idea PR
controller is not practical in reality. A damping factor will be added to the denominator of the
transfer function. So that the PR controller isimmune to the problems, which will be discussed
in the later section in detail, caused by difference between the set resonance frequency and the
real frequency. Similarly, if the frequency selectivity of the notch filter is reduced, the none-
central frequency components therefore will aso fall into the suspension frequency range.
Depending on the damping factor selected, the range of frequency that will be rejected in the
output varies. It can be verified in Figure 3.11 that rejection band gets wider for higher damping
factor. This method is regarded as the passive adaptive approach. However, two drawbacks of
this solution are identified. Firstly, the reduction of the quality factor would also reduce the
gain at the central frequency. Asaresult the steady state error will increase. Secondly, although
awider range of frequency components are attenuated, the attenuation rate of the none-central
frequency components will not be as high as the central frequency which would cause higher

steady state error under fundamental frequency deviation.

An dternative solution for achieving frequency adaptive would be adjusting the central
frequency according to the fundamental frequency [109] as shown in Figure 3.10. The value of
the fundamental frequency isfed into the notch filter from frequency tracking mechanism such
as the phase-locked-loop or the frequency-lock-loop so that the central frequency can be
adjusted in real time. However, this method requires careful tuning of the system providing the

value of the fundamental frequency which increases the difficulty for designing the control
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parameters. The band-width of the PLL system should be reduced in order to stabilize the

system which further harms the dynamic response as shown in Figure 3.12.

F(9)

Y(s)

Figure 3.10 Block diagram of frequency adaptive notch filter

Similarly, the information of negative sequence component can be extracted by filtering x4 and

Xq acquired from the same transformation matrix but defining the angle ¢ of the d-axes as:

0 =—-ot 3.28
The reference frame will be synchronised to negative sequence in this way, thus the positive

sequence become the oscillation and can be removed by the notch filter.

Figure 3.11 Bode diagram of the notch filter
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Figure 3.12 Effect of delay caused by notch filter responding to a phase jump

One thing worth noting is that the frequency component rejected shown in the diagram is the
frequency component on the dq reference frame which means the origin of the frequency-axis
isactualy the frequency of the reference frame on the natural reference framein ageneral case
(during both transient and steady state). Therefore, specifying that the PLL system is in its
steady state, the 100 Hz component is not only caused by the negative sequence also can be
result of a third order harmonic [110]. Thus this technique rejects the negative sequence
components as well as the third order harmonics. In the real power systems, the unbalanced
utility usually contains even order harmonics e.g. 5" and 7" harmonics as well, where the 5™
harmonic is a negative sequence frequency component and 71" is a positive sequence one. On
the synchronised rotational reference frame, they will appear in form of a 6" order harmonic
which can be a'so rejected using asingle notch filter. Thusthe use of this technique can be also
expanded by cascading several notch filters for harmonic rejection. However, the additiona
notch filter further harms the dynamic response of the system which is a side effect should be

taken into consideration when applying this technique to a control system.



3.6 A new decomposing method proposed in this study

Theidea of using cascaded delay to reject one phase sequence from the total was usually based
on how the specific sequence could be cancelled out in the fundamental waveform e.g. applying
a 1/6 cycle delay to cancel out the specific sequence signal of the adjacent phase or the SOGI-
QSG method which achieved decoupling in the stationary af reference frame. The filtering
method of utilizing notch filter to extract positive/negative sequence signals has the advantage
of robustness. However, each method introduces delay which is not negligible as compared to
the fundamental period. Such delay is highly undesirable in the control system that relies on
fast estimation of the symmetrical components. It can be seen from the dq signal filtering
method that by applying abc-dq transformation with the reference frame rotating in the positive
sequence, the negative sequence will appear in the output as oscillation with frequency at the
sum of the negative sequence frequency and the dq reference frame rotational frequency, and
vice versa. The property of frequency increase for a certain sequence can be further extended
by defining a rotational reference frame which has a higher frequency than the fundamental
frequency. The new decoupling method utilizes this property by introducing the cascaded
signal delay to carry out positive and negative sequence decoupling. By defining a reference
frame rotating faster than the fundamental frequency, the time delay needed for removing the

signal of the targeted sequence in the opposite direction can be reduced.

The proposed decoupling scheme is driven by an angular reference which has the same
frequency as the input signal. This frequency is estimated by an additional system such as a
Phase-Locked-Loop (PLL) or a Frequency-Locked-Loop (FLL) which is regarded as the
angular reference generator to set the fundamental angular reference *. The generated angular
reference is multiplied by an integer gain Nres to define the rotationa reference frame dges
where the positive and negative sequence signals are going to be decomposed. Then another

reference frame transformation is introduced to transform the purified positive or negative
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sequence signals back to the synchronised reference frame (dgres) at the fundamental frequency.
The diagram shown below in Figure 3.13 provides an overview to the decomposing system for

extracting the positive sequence signals.

Xa XOd Xdr5+
X —»| abc/}——>» > Kamp
—> Cascaded
Xo —P
Xo Delay +
9res dqres_q> erS K .
> amp X4
€+ dqr —
l'Nr >
E— dqw — .
0 Xq
Kang

Figure 3.13 Proposed decomposing system for extracting the positive sequence signal

The time delay needed depends on the relationship between the control parameter Nyesand the
component to be removed, which in this case is the negative sequence component at the
fundamental frequency. Thetime delay is applied to the components in the dq reference frame
as to be shown later in this section. Because the cascaded time delay will have its effects on
both the positive and the negative sequences, while the negative sequence is rejected, the
positive sequence needs to be compensated. The compensations of the amplitude and the phase

angle both depend on the value of the time delay introduced and thus also depend on Nres.

The cascaded delay structure is shown in Figure 3.14:

Xo(t-7)
—>| Time Delay t

Xo(t) X(t)

Figure 3.14 Structure of cascaded delay unit

Let the input signal xo(t) be:
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3.29

%)= ASn(at +9)

where A and w are the amplitude and angular frequency of theinput signal, and ¢ itsinitial

angle.

The delayed signal >{)(t —7) canbe expressed as.

3.30

A-sn(ot+@—y)

X(t—17)

where y is the phase shift introduced by the delay and hence

331

Y=T @

Thus the output x(t) is:

> 3.32

)-sin(wt + ¢ — X

2

X(t) = X, (1) + X, (t—7) = 2- A-cos(L

The Bode plot is shown in Figure 3.15 where fund IS the normal gird frequency e.g. 50Hz.

« Frequency components removed, f = Tmm'(zml)'(Nres*l)‘
T y T

(ap) apnuuben

(Bap) aseuyd

Figure 3.15 Bode diagram of cascaded delay unit
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Itisclear from the expression above that for agiven r, afrequency component will be removed
(or significantly suppressed) from the input due to the cascaded delay if its angular frequency
is:

o = 2n-1)-x
27

3.33

where n is apositive integer.

As mentioned before, with a reference frame rotating in the same direction as the positive
sequence, the negative sequence will appear in the output as an oscillation with frequency as
the sum of the negative sequence frequency and the frequency of the reference frame. Knowing
that Nres iS the control parameter which defines the frequency of the rotation of the reference
frame, it is possible to calculate T needed for rejecting the negative sequence signals in the dq

reference frame.

T

T=———
(N +2)- o >3

where ws is the fundamental frequency.

The compensation for amplitude and angle (rad) of the positive sequence signal can also be

cdculated as:
Ko = Nl 1x 3.35
2- _es T 7 '
oos(Nm 1 2)
_Ne-17
Kag N 12 3.36
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It is worth mentioning that while some of the frequency components are removed from the
signal, some others are amplified. Thusthe control parameter Nresneedsto be carefully selected

to avoid introducing harmful harmonics into the system.

Likein any other control systems, the error between the reference value and output will appear
during the transient. It is useful to quantify this error in order to evaluate the quality of the
algorithm. The transient error of this symmetrical components decomposition algorithm is
introduced by the miss-match between the information of the past time held by the cascaded
delay unit and the real time signa when a step change (e.g. a balanced signal change or the
signals became unbalanced) appears. Based on this understanding, the following section aims

to derive the equation to quantify the transient error caused by a certain type of input change.

Considering a three-wire grid system where zero sequence voltage does not exist, the three

phase input signals before the negative phase sequence component is added in are:

X, cosO,, -sing,,
: 2 2 . 2 X,
Xoo |=4] 5| COOy, — =) —SIN(Oy, —=-7) |- 3.37
3 3 3 X,
Xoc 2 . 2
cos(0, — 3 m) —sin(dg, + 3 )

where, Oyn is the angle reference that defines the synchronous reference frame.

After the step change, assuming that the fundamental frequency of the input signalsis not

changed, the three phase input signals become:

X aost, , —dng,,, oos(-6,,) —an(-0,,)
_ 2 2 3 e 2l %], 2 25 ko 2l
2 =3 (IHQSIn 3 ) Sr(O341 3 ) ()g}+\f3 oos(ﬂw 3 ) SI‘(—O5341 3 ) ()QJ 338
a6, —g ) —9n(0,, +§ -TT) oos(-0,,, —% ) —Sn(-0,, +§ )
Postive Souence Neggtive Souence
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Where xd*, Xq*, Xd" and Xq are the direct and quadrature signals of the positive and negative

seguence components respectively.

Assuming that the frequency input to the decomposing unit is aways locked to the positive
seguence component of the input signal and the dynamics of the PLL isignored, applying abc-

dq transformation to the input signals results in the outputs of the cascaded delay unit as:

2 2
_Z. <. X, +
[ngeﬁj= > cos(6.) cos(0. . 3 )  coS(6, + 3 m) || %at Xoa
3

+ 5 Karrp 2 X, + Xop 3.39
Yo ~SN0) SN~ 5o7) SN0+ 5o (x4 %,

where 6res is the angle to define the rotational reference frame dgres

As mentioned above, the rotational reference frame where the delay is made on, rotates faster
than the fundamental frequency components, the output needs to be transformed back to the

synchronised reference frame. The final output of the decomposing systemiis.

3.40

+

[ng cos(@,,, + Kang) —-sin(b,,, + Kang) [X;r%j
X

| cos(0,, + K g _%) —SiN(0,, + K —%) Xires

where 6Gre is the angle difference between the decomposed synchronised reference and the

faster rotational reference frames dgyres.
0o =(1-Ng)-6,, 341

Knowing the original positive sequence signal (X« Xy« asin Equation 3.39) and the positive
sequence signal obtained using the algorithm after introducing the negative sequence as a step

change (x; , X; from Equation 3.40), the following indices can be used to measure the

performance of the algorithm.
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ot 3.42

Qe :_‘Z X~ Xya

X, =Xt 343

Ciaeq :.[0

Theintegral of absolute error (IAE) of the transient stage based on the error between the output
of X" and x and their actual values will be used as a reference to demonstrate the quality of the
decomposing units under different conditions. A plot of IAE during the transient stage of a

particular case will be provided in the Chapter 7.

3.7 Chapter Summary

In this chapter, the grid synchronisation methods especially those capable of working under the
unbalanced three phase signals are reviewed. A new symmetrical component decomposition
method is developed in this research and its mechanism has been introduced in this chapter. It
is developed to reduce the delay introduced comparing to the conventional methods. The
detailed comparison are shown in the simulation results placed in Chapter 7. Asintroduced in
the previous sections, the grid synchronisation and the symmetrical component decomposition
are very important to the performance of the current control system. The transient response
directly affect the transient performance of the a.c. voltage-sensor-less current control system.
Asfor the a.c. voltage-sensor-less system, the symmetrical component decomposition method
isespecially important because of the topology of the proposed current control system: the only
feed-back from the a.c. side are the phase current signals where the symmetrical components
are decomposed and grid voltage are estimated based on each phase sequence. This will be
detailed in Chapter 5. The delay introduced by the symmetrical component decomposition

system should be reduced to improve the transient performance of the whole control system.
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Chapter 4 Technical challengesto the grid connected converter

system

4.1 Voltage dips and phase jump

A voltage dip describes the situation where the grid voltage deviates considerably below its
nominal value. It is most often caused by electrical faults and sudden change of the load

somewhere in the grid and has different forms depending on the nature of the fault.

In athree phase system, the phase voltage of phase A, B and C could drop simultaneously and
equally. Thisisregarded as abalanced voltage dip which isarare case of the voltage dip. More
frequently, the unbalanced voltage dip can be caused by unbalanced loads between phases or
by a fault on one or two of the three phases.[111,112] The unbalanced voltage will have
different amplitudes on each phase or the phase angle between phases are no longer balanced,
or both. Conventionally, the positive and negative sequence voltages are the components of
particular interests for the VSI controllers as the d.c. side capacitor in many of these
applications is a floating capacitor which is not affected by the zero sequence component.
Recently, some research studies have addressed the need for controlling the zero sequence from
a micro-grid operation point of view.[113-115] However, this control objective is out of the

scope of this research.

Before discussing the importance of the fault-ride-through and its related control objectives,
the instantaneous power theory [116-119] should be introduced and expanded taking the
negative sequence components into consideration. For athree phase system, the instantaneous

real and reactive power can be expressed as:
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P=\, i, +V, i, +V, -1 41
Q=(v, —\) i, +(v, V) i, +(v, =) -i, 4.2

where V,,V, and V. are the phase voltages and I, |, and I. are the currents and, if the

system is balanced, can be expressed as.

v, =V sin(ot + ¢)

v, =V Sin(a)t+(p—2?ﬂ) 4.3

v, =V Sin(a)t+(p+2?ﬂ)

i, =1sin(ot+¢)

i, = sin(a)t+¢—2?”) 4.4

g=|gn@n+¢+31)
3
And the real and reactive power (P and Q) are:

_3-V -1l -cos(p - ¢)
- 2

P 4.5

_ 3:V-l-sin(p —¢)

° 2

4.6

It can be verified that the real and reactive power outputs are constant in the balanced situation.
Expanding Equation 4.1 and 4.2 through a power invariant dq transformation [120], it isfound

that the power may be expressed by the dq values of the voltage and the current:

MR

where;
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| cos(f) cos(0— % )  cos(f+ % T) |
:g —sin(o) —Siﬂ(@—%ﬂ.’) —sin(0+§n) v: 4.8
1 kS EI
2 2 72
_ 5 5
cos(fd) cos(f— 3 )  cos(f+ 3 ) _
Ia
=§ —sin(0) —sin(@—gn) —sin(9+§7r) ib 4.9
kS 1 EI
NP V2 2

and @ is the instantaneous angle of the rotating reference frame.

Now considering the unbal anced voltage and current, the instantaneous real and reactive power

are still given by Equation 4.1 and 4.2. However the voltage and current are no longer balanced

but have a negative sequence component added in shown in Equation 4.10 and 4.11. The zero

sequence isignored due to the reasons discussed previously.

v, =V sin(ot+¢")+V sin(-ot+¢")
vb=v+sin(wt+<p+—%”)+vsin(—wt+<p—2?”) 4.10

v.=V'sin(ot+e¢" +2§)+V’sin(—wt+<p’ +2?”)

ip=1"sin(et+¢")+1 sin(-ot+¢")

ib:I*sin(a)t+¢*—2?ﬂ)+lsin(—a)t+¢—2?ﬂ) 411

i.=1"sin(ot+¢" +2?ﬂ)+l’sin(—a)t+¢’+2?ﬂ)

The total instantaneous real and reactive power under the unbalanced grid voltage and current

in this case may be expressed through four separate terms as shown in Equations 4.12-4.15.

Each of these is the product of voltage and current with different combination of the two

sequences.



_3:V'-l7-cos(p" —¢")

R >
. 4.12
. 3V 1" sin(p —¢)
Qo =
2
P 3Vl -cos2ot+" —¢7)
" 2 413
. 3Vl sinRot+ 9" —¢7) '
Q2nd = 2
_ 3V -l -cos(p —¢7)
R = 5
o o 4.14
_ 3V -l -sin(fp —¢7)
Qo =
2
p- 3V 1" -cosot+ —¢")
" 2 4.15
3V T sinRot+o —¢7) '
Q2nd = 2
Poa = I:)o+ +R + led + P
Constant Oscillating
4.16

+ - + -
Qtotal = QO + QO + Qan + Qan
%/_J %/—J

Constant Osiflating
The instantaneous real and reactive power expressions show that the adding in of the negative
seguence components brings an oscillating term into the total power. The magnitude of the
power and the power factor can be calculated from the amplitude and phase angle of the
symmetrical voltage and current components. These equations can al so be expressed in dgform
through a power invariant dq transformation, noting that the dqg transformation for negative
sequence is performed with reference to the frame rotating in the opposite direction to the

positive one, shown in Equation 4.17 [31].

P [ve Vo vy vl
P || Yo Vo Ve Ve e 417
Q| |-V Voo vl

Q.14 2 T A VA N
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Severa problems are considered if the VSI with conventional control system is connected to
an unbalanced utility. The associated harmful effects of the unbalanced utility voltage are
addressed in arelatively large number of publications [120-124]. Essentially, if the switching
of the inverter is controlled to generate only the positive sequence voltage by adjusting the
modulation depth taking the possible d.c. bus voltage variation into consideration, the
impedance between the negative phase sequence voltage of the grid side and the VSI will be
comprised solely of the reactance of the filter [121]. This will cause current of the negative
phase sequence to flow into the grid connected inverter. Depending on the level of unbalance
and the size of the filter, this current is potentially able to be high enough to cause damage to
the power modules. The output voltage of the VSI can be controlled to be unbalanced to avoid

this problem.

4.2 Current control objectivesof VSI under different constraints

The 2" order harmonic active power consists of two parts as shown in Equations 4.13 and 4.15.
It can be eliminated if the magnitude and phase angle of the positive and negative sequences
are adjust properly according to the voltage symmetrical components. It is clear that the d.c.
voltage variation rate is proportional to the variation of the output active power. This ensures
the d.c. voltage is kept constant under unbalanced grid conditions. In addition to the 2" order
harmonic active power, it is always desirable to achieve unity power factor, which requiresthe

reactive power and 2" order harmonic reactive power to be zero. [125-128]

In the proposed current control system in this study, the current reference in the dg axis
reference frame can be obtained, given the desired power and dgq components of the
symmetrical components of the grid voltage. Therefore the current referenceis cal cul ated based

on the equation below:
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Iq_ =T,., 0 4.18
d
I 0
where;
(A VARR VA
V. V. VPV
Ti= ¢ e a 4.19

Also, if the reactive power is required in some specific situation. The reactive power term can

be added in to generate the corresponding current reference.

The shortcoming of such a control objective is that the current output of the three phases will
be unbalanced which brings unequal current stress among the power modules of different
phases. In some cases, depending on the severity of the voltage unbalance, the desired current
output for a specific phase could exceed its safety limit. To avoid damaging the power module
while keeping the original control objective, the current references of the three phases should
be limited simultaneously. Therefore, the output power islimited. This requires two additional
aspects to be taken into consideration if the balanced power strategy is used. Firstly, the VS
should have an additional way to restrict the power flowing into the d.c. bus. Otherwise the
system would eventually fail due to the VSI not being able to dissipate the incoming power.
Secondly, an additiona agorithm is needed to find out if any of the phase current references

exceed the limits, this will however, introduce some additional computational burden.

The current can also be controlled for injecting the fundamental positive sequence current only
[127]. Thus the problem of unevenly stressed power modules can be avoided. However, the

negative phase sequence voltage will cause unbalanced three phase power. The active power
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oscillation will appear if only the current of the positive sequence is injected, verified by

Equation 4.15. In this case the grid voltage and the current injected are expressed as:

vV, =V'sin(ot+¢")+V sin(-ot+¢")

vb:v+gn@n+¢+—%§)+vgncﬂn+¢—%§) 4.20

V.=V sin(ot+e" +2§)+Vsin(—wt+go +2?7r)

i, =1sin(ot+¢)

g:|gn@n+¢—%§) 421

g=|gn@n+¢+%§)

The power output in this case will be:

_3:V - l-cos(p —¢) 3V -l -cosQotto - ¢)

P =
total 2 2
3V -l-sin(p"—¢) 3V -1-sinot+e —¢) 4.22
Qtotal = 2 + 2
Constant Osillating

It can be verified that, as with the balanced case, the positive sequence voltage and the current
will generate a constant power output. However, the negative sequence voltage and the current
whichis of positive phase sequence will generate an oscillating power whose frequency istwo
times of the fundamental frequency. The active power which determines the amount of energy
exchangeisof particular interest in this problem asthe d.c. link voltage is directly linked to the
energy exchange between the d.c. side and the a.c. side of the VSI. The oscillating real power
due to the negative phase sequence voltage will cause the d.c. bus capacitor to be charged and

discharged periodically. As aresult, the d.c. bus voltage fluctuates.

The d.c. bus capacitor usualy consume a significant amount of space in the inverter module
design. A higher utilisation rate of the d.c. bus capacitor is desired for reducing the size of the

equipment. But from the control point of view, the fully utilized d.c. bus capacitor, which is
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designed to absorb the high frequency switching harmonics during balanced operation, left
very limited margin for it against voltage variation especialy the voltage rise. Generally, the
d.c. bus voltage should be controlled within a safe range of 110% of its voltage rating. The
current and d.c. bus voltage control should be swift enough to regulate variation of the d.c. bus
voltage. The d.c. bus voltage oscillation can aso be harmful mainly for three other reasons.
Firstly, the oscillating d.c. voltage could results in harmonic injection in the current output if
the d.c. bus voltage is not properly sampled [129]. Secondly, the renewable power such as PV
generation system will be heavily affected by the oscillation of the d.c. voltage, additiona
control effort should be made to keep the generation connected [130, 131]. Thirdly, with many
maximum power point tracking algorithms at the front end, especially for small scale wind
turbines comprising a permanent magnet generator and a passive rectifier, the d.c. side voltage

plays avital row. The oscillating d.c. voltage certainly brought in undesirable effects [132].

In Figure 4.1, an unbalanced voltage is shown. The phase B voltage is at 50% of its normal
value. Using Equation 4.18, the current reference generated to output balanced power is shown
in Figure 4.2 (a). Figure 4.2 (b) shows the references for the balanced three phase current. If
the current outputs are correctly tracking these current references, the power outputs for the

two control objectives are compared, as shown in Figure 4.3

Figure 4.1 Unbal anced three phase voltage
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@ (b)

Figure 4.2 Current waveform of (@) balanced power, (b) balanced current

Figure 4.3 Comparison of power output of different current control strategies

Based on the discussion above, the control objective for unbalanced fault-ride should be
different to satisfy different requirements according to the specific circumstance. The output
current can be controlled to be balanced if the negative phase sequence voltage is not to be
compensated. The balanced current output as one of the current control strategy, has the
advantage of high utilisation of the inverter current rating. It is also considered a simpler
solution for riding-through the unbalanced grid fault compared to the current control strategy
aiming at balanced power output because: firstly, the current reference of the negative sequence

doesn’t need to be adjusted through on-line calculation but pre-set to be zero; secondly, the
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power output doesn't need to be regulated to avoid over-current as in the second control
strategy. However, the d.c. bus voltage will oscillate in the balanced current output strategy. In

case of high d.c. capacitor utilisation, the constant power strategy will be beneficiary.

4.3 Voltage oriented current control and comparison

Voltage oriented current control isadopted in most of the conventional current controllers. The
PLL system plays a vital role in aligning the d-axis of dq reference frame with the voltage

vector which isthe global reference for the whole system.

In this control method, the grid voltage consists of the d-axis component which will have a
positive value, whilst the g-axis component is zero. According to Equation 4.18 the real power
output is proportional to output ig while the reactive power can be controlled by adjusting ig.
For unit power factor, which is most popular among the control objectives, the value of iq will
be zero. This characteristic has the advantage of reducing the size of the matrix for calculating

current references according to desired power output.

The use of the a.c. side voltage sensors and the PL L system tuned with high bandwidth offered
good performance for tracking the voltage variation especialy if the grid side is considered
stiff enough. However, in a weak grid where the voltage measured at the point of common
coupling (PCC) isableto be affected by the VS| output. The delay introduced by the PLL could
reduce the performance during the transient stage. If a symmetrical component decomposition
mechanism is adopted for riding-through the unbalanced fault, additional delay will be added
to the original delay of signal feed-forward, resulting in further degraded transient
performance. The PLL and current control system should be carefully tuned considering this

kind of situation.
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The active and reactive power control can also be achieved without using the PLL system.
However the matrix for calculating the current reference is larger than when the dq reference
frame is synchronised to the grid voltage vector. In this case the frequency of the grid voltage
becomes very important reference to the system as will be discussed in Section 4.5.
Considering the case for riding-through the unbalanced grid fault, the complex calculation is
not adrawback but becomes necessary. Usually the voltage oriented current control only adopts
one PLL system which is going to lock the phase angle to the voltage vector of the positive
sequence. The reference frame of the negative sequence is defined by the output of the PLL

multiplied by -1, as the unbalanced grid faults have different forms.

It can be concluded that the grid frequency is a more important reference to the system
compared to the phase angle. The phase angle may be calculated from the dg components
without adopting the PLL system. It is an advantage as sometimes, the PLL system introduces
some tricky transient if the input variation is large. If the grid frequency is assumed to be
varying in alimited range and comparatively slow compared to the fundamental period (which
islikely the case), then the PLL systemisonly needed for frequency tracking and the bandwidth

is not necessarily high which avoids the transient problem.

4.4 Weak grid characteristic

Grid impedance of astrong grid is usually around 10% of anecessary coupling impedance and
20% if the grid is weak. In this research, the proposed grid connected inverter system can be
used in many different applications. The grid which theinverter under control will be connected
to isassumeto be weak, where changes of the grid voltage can happen frequently dueto various

resources e.g. change of load and newly connected generations. Analysis will be carried out
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using the character of aweak grid to investigate the current control behaviour affected by the

grid impedance. Thiswill be discussed in Chapter 5.

4.5 Sensor reduction and sensor -less contr ol

Ananaysisin[53] showsthat in the offshore wind farm, thefailure rate of the sensorsinvolved
in the control system is around 5% which is considered to be significant. Although in this
research, the model is developed based on small scale generation, the general idea can be
expended to be used in the current control system of different scale of generators. For asystem
configured to rely on sensors will naturally be disabled for lack of control feedback if the
sensors malfunction. Therefore, the need for devel oping techniques to reduce the dependence
on sensors is rising. The conventional idea aims at reducing the number of the sensors used.
For a three-phase three-wire system, the sum of line to line voltages is zero, so is the sum of
the currents. Therefore, with two measurements for the voltages and currents respectively, the
third one is easily determined. However, this approach still requires four sensors on the a.c.
side in total. Further, this method is not expandable to three-phase four-wire systems as the

neutral current will cause the sum of the three phase currents to be non-zero.

Asfor the current control system of the V SI, as well as of many other pieces of equipment, the
current sensor is necessary for system protection. The further reduction of the number of
sensors can be achieved by reducing the number of voltage sensors used. The voltage-sensor-
less control of aV Sl isreported in[54-57, 80, 133]. In [55], the conventional SRF-PLL is used
to lock the angle of the reference frame to the reference angle generated based on the line
impedance and the desired current output using an offline method. The desired active power is
controlled based on balancing the incoming and outgoing d.c. power which is achieved by

measuring the d.c. side voltage. This allows the VSI to be controlled without a.c. side voltage
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sensors but it is not a flexible and accurate method for controlling the power factor. If the
nominal grid voltage is not achieved, the dq reference frame will not be correctly aligned with
the voltage vector of the grid voltage, not to say the capability of riding through the unbal anced
grid fault. In [133], the grid synchronisation can be achieved simultaneously with the power
control by emulating the behaviour of a synchronous generator. However, the initial
synchronisation to the grid still requires the a.c. voltage sensors and the related PLL system. In
[54], alow computationa burden grid voltage estimation method with fast dynamic response
is reported. This method improves the dynamic response of the voltage-sensor-less current
control but the capability of riding through the unbalanced grid fault is not discussed. In [80],
the current sensor-less control is expanded and capable of riding-through the unbalanced grid
fault. The current controller is a proportional -resonance based controller. However, the virtual -
flux based grid voltage estimation and controller are believed to have a slower dynamic
response in [57]. Other researches based on different control model also proved that a grid
connected inverter system is able to be controlled without the a.c. voltage sensors based on the
small signa models. However none of them has mentioned how to acquire the initia
synchronisation and what the system response will bein case of thelarge system variation. The
reliable start-up method for solving this problem will be developed in this study. Among these
reported methods, none has achieved voltage-sensor-less current control during an unbalanced
grid conditions based on an SRF-PI based current controller. However, the a.c. voltage-sensor-
less current control based on SRF-PI based current control is potentially beneficial on the other
hand. Because many conventional control systems use SRF-PI based current control, the
technique is believed to be mature and the coding for the hardware is easily available. A
voltage-sensor-less current control method based on the SRF-PI based current controller, such
as the proposed method detailed in the next chapter, will facilitate the application of the

proposed control method as well as provide an easy upgrading to the existing systems.
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4.6 Chapter summary

The grid connected VSI needs to deal with various grid voltage variations. The controller
should be adaptive to the grid voltage variations possible to happen with the ability to achieve
different control objectives to satisfy different requirements. In Section 4.1, the possible
scenarios of the grid variation are illustrated. The consequence of such grid variations are
illustrated in Section 4.2. The power control objectives need to be adjusted for different
purposes. Through instantaneous real and reactive power theory, the current required for
generating a certain power can be calculated. This provides essential control inputs to the
control system as the proper current references. The SRF-PI based current control relies on the
dq transformation to convert the coordinate frame from natural to synchronous. This requires
the proper phase-locking or frequency-locking mechanism to be adopted. The voltage oriented
current control using PLL is compared with SRF-PI based current control and is shown to be
able to track the grid frequency in Section 4.3. The tricky transient response of SRF-PLL isa
draw-back thus the second method is more preferred in this study. The benefits for deploying
a.c. voltage-sensor-less current control is discussed in Section 4.5. To design such asystem is
the main challenge of this study. The a.c. voltage-sensor-less current control will be designed,
then tested under different types of grid faultsillustrated in this chapter to verify the suitability

of the proposed techniques in applications.
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Chapter 5 Control System Design

5.1 Introduction

The vital information for grid synchronisation is usually obtained from the voltage measured
by the a.c. voltage sensors. Conventional voltage oriented current control requiresthe measured
voltage signalsto be further processed by aPL L stage to cal cul ate the magnitude and the phase
angle of the grid voltage, which are used in later current control stage. In the SRF-PI based
current control systems, the measured current signals need to be transferred to the direct and
guadrature axis values according to the synchronous reference frame defined by phase angle
of the grid voltage detected. In this control scheme, accurate tracking of the phase angle of the
grid voltage plays avital role to keep the system operate correctly. The a.c. voltage sensors are
highly important in order to ensure that such requirement is full-filled. However, the
importance of the voltage sensors in turn, makes the system vulnerable to the voltage sensor

failure.

This research proposes an a.c. voltage-sensor-less current control method to overcome this
shortage. It utilises a grid voltage observer to replace the voltage sensors. The current control
function of the proposed system is carried out by an SRF-PI based dg-decoupled current
control. The required information of the grid voltage is obtained from the output of the grid
voltage observer. As discussed previously in Section 4.5, the initial grid synchronisation is
obtained from an additiona start-up process which utilised the advantage of the current
hysteresis control in order to avoid large current transient might happen. In this chapter, the

proposed a.c. voltage-sensor-less current control method will be detailed and anal ysed.
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5.2 Current controller

The a.c. voltage-sensor-less control was reported as a direct power control method described
in [134]. The feedback signalsin acurrent control method, which are usually the instantaneous
current values (or i, and iz or iz and i, in corresponding reference frames), are replaced
by the real and reactive power. This gives the name of direct power control. As the
measurement of the utility voltage is eliminated from the control scheme, the output power
cannot be calculated as introduced in Section 4.1. The main feature of direct power control is
utilizing the virtual flux estimated from the measured current and the switching duty of the
power modules to generate apower estimation. The current is then controlled by the switching
duty generated by alook-up table where the input variables are the error between the estimated
real or reactive power and their references respectively which are decided by the d.c. voltage
as well as the control objective of the power factor. This control method has improved the
control system by allowing alower sample rate and a reduced filter size of requirement. Also,
due to the swiftness of the current control associated with the hysteresis control, the transient
response is improved. However, the well-known side effect of non-constant switching
frequency associated with the hysteresis control resultsin the unpredictable harmonic injection
which could actually deteriorate the overall performance of the system. Further, the operation
during the unbalanced grid fault are not taken into consideration which could potentially limit
the availability of thistechnique. Finaly, the start-up of such a system is not made clear as for
the operation of the system, power must be acquired and estimated based on output which is

not available before system is activated.

Another reported approach for ride-through the unbalanced grid faultsis the virtual-flux based
current control. It has advantage for utilizing the mutual relationship between the current and

flux in the inductive filter which is useful for calculating the power.
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Based on the review of the previous control methods, the following aspects are considered as

improvable:

The need of the a.c. voltage sensors,

The harmonic injection associated with methods using non-linear current control;

The limited transient response associated with the linear current control method;

The lack of the proper initial synchronisation for a.c. voltage-sensor-less control.

To improve the a.c. voltage-sensor-less control in terms of the harmonic performance as
compared to the direct power control method, the PWM switching scheme and alinear current
control system are used to replace the non-linear current control. The slower response
associated with the linear current control method will be improved by adopting a higher
performance symmetrical component decomposition system which has a dominant effect on

the overall performance of the control system as discussed in Section 5.1.2.

5.2.1 SRF-PI based dq decoupled current control

A grid connected VSI is usually coupled with an inductive filter for filtering the high order
harmonics caused by switching. The impedance of the filter is considered much greater than
the grid impedance in many cases. The control parameters are designed regarding the
performance of the VSI with specified filter parameters. Figure 5.1 shows the overal system

diagram.

The voltage source inverter is modelled as atwo-level inverter and the d.c. neutral is floating.
The switching harmonics arefiltered by an L type filter which denotesfirst order characteristic.

Thisis an appropriate approximation from a control design point of view although in reality an
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LCL filter could be used [84, 135, 136]. The local loads are connected to the PCC. The

parameters of the filter and local loads on each phase are assumed well balanced.

Grid voltage

o

< Current
PWM  |g control

Control System

Figure 5.1. Three phase VSI under study

For the dynamics between the input voltage and the output current based on asimple RL filter,
thevoltage applied at theinverter terminal ismodel led asitsfundamental frequency component
assuming that the switching harmonics can be well filtered out. The current output for each
phase is the voltage drop across the filtering inductor divided by the reactance of the filter,

neglecting the grid impedance.

d. .
Lala(t) = Voa(t) _Vga(t) - R'Ia(t)

L%ib(t) = Vg (1) = Vg (1) = R+, (1) 5.1

d. .
Lalc(t) =Voc(t)—VgC(t)— Rlc(t)

where the v, denotes the output voltage at the inverter termina and vy denotes the voltage at

the receiving end grid, ianc are the phase currents.
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By applying dq transformation, equation 5.1 became:

Liid(t)zvod(t)—vd(t)—R~id(t)+a)~L-i (t)
dt 9 q
q 52

L e () = Vi () = Vgo (1) = Rei () = 0+ L1, (1)

where o isthe frequency of thea.c. sidegrid in rad/s.

When the grid voltage and the filtering inductor are assumed well balanced, the dynamics of
the grid-side in the dq reference frame can be further transformed into frequency domain
through Laplace transform. The dq frame based a.c. side dynamic model of the inverter has
cross-coupling terms between the two axes. The output voltage Vg will have its effect on the lq
injected and vice versa. Based on this understanding, the block diagram representing the

inverter grid side dynamics can be drawn as shown in Figure 5.2.

Ls+R

oL je———

oL [

Ls+R

Figure 5.2. Equivalent model of filtering inductor on dq reference frame
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With balanced grid side voltage and reactance, the current injected into the grid can be
controlled to be balanced and sinusoidal as well. The 4 and Iq of the balanced three phase
currents obtained through abc-dq transformation will be constant values as discussed in the
previous sections. The relevant current control can be done using a Pl controller. The primary

SRF-PI based current control structureis shown below in Figure 5.3.

ldq res Vadq

laq Ky + K S » Vodq

Figure 5.3 Primary SRF-PI based current control

The current control using Pl regulator is aworking plan for the current control however it may
not be sufficiently good in terms of transient response. The output voltage reference of the
current controller iszero when the current injected is zero and the grid side voltage is unknown,
referred to asthe zero state of the controller. The instantaneous voltage drop acrossthefiltering
inductor is considerably high at the time point zero and a short while after, which causes
undesirable high current flowing through the power modules. Also, the cross coupling terms
of dq component on the a.c. side will cause interference between the control efforts on the two

axes, causing a prolonged the transient process.

The primary SRF-PI based current control can be improved by adding a voltage feed-forward
term of the grid side voltage to the output of the controller, as shown in Figure 5.4. By doing
this, the output voltage reference at the time point zero will be the grid voltage and the voltage
drop across the filtering inductor will be zero. The control effort will be trying to increase the

current injected towards its reference value during the transient stage which ensures the safety
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of the power modules. Another improvement is to add a decoupling loop to decouple the

interaction of the control effect on the two axes to shorten the duration of transient.

| ares Vd
V,
| 1 <D od
d - Kp + Ki g 96‘
» ol
> oL
1
lq > Kot K S ‘ﬁ‘ Veg
|qref ng

Figure 5.4 SRF-PI based dg-decoupled current control.

The a.c. grid side and controller side of the inverter together defines the scope of the whole
grid connected inverter system, as shown in Figure 5.5. The output of the current controller is
the voltage reference which will be feed into the PWM signal generator. The action of the
power electronic switches will be controlled accordingly. The PWM signal aims at producing
an average voltage in aswitching cycle equal to the reference voltage. This process introduces
delay of half of the switching period. However, the switching frequency as in the low power
applicationsisusualy significantly higher than the fundamental grid frequency. Thisdelay can

be effectively neglected. Therefore, there is no need of further compensation, such as for the
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voltage drop of the semiconductors and also the resistance of the power electronic switches.

The PWM process can be viewed as a unity gain and neglected in the system diagram.

| dret lg

1 O\ Vod < 1

+ PR
_>®_> Kp+ K S YeY %Y Ls+R
AN e

N -
AC-sdedynamic
Controller-side coupling
decoupling
N / ek
_ 1

Ls+R

I gref

Figure 5.5. Block diagram of VS| control system and the grid side

In a conventional current control system, the voltage of the grid is measured using voltage
sensors. The dynamic change of the grid side voltageis cancelled out by the grid voltage feed-
forward in the controller. The variation of the grid voltage will only affect the current control
by changing the current reference to maintain the power reference. Then the system responding
to abalanced grid voltage dip can be predicted by the step response of the system to the input
current change as shown in Figure 5.6. It is clear from Figure 5.5 that the decoupling network
of the dq axes on the controller side removes the interaction of the dg signals. The voltage
command signals of Vg4 and Vg are then only subjected to the current of their own axes.
Therefore the system can be anal ysed based on the two parallél loop of the same structure and

parameters separately [137, 138], shown in Figure 5.6.
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Figure 5.6. Simplified block diagram of the system under study

The step change of the system input which isthe current reference could be caused in two ways.
First, the change of the grid voltage will not have impact on the system output as a disturbance
as mentioned above. But for the power control purpose, the current reference is adjusted
according to the grid voltage. Therefore, the grid voltage step change is one of the reasons
causing the input to change. The second cause of the input change comes from the varying
power flow into the d.c. bus changes. The d.c. bus will be charged up if the output real power
is less than the power input, and discharged vice versa. To protect the d.c. bus capacitor, the
reference of the power output is directly linked to the voltage drop between the d.c. terminals,

which also determines the current reference.

Since the PI control gains are set the same on the two control loops (d and g axes), the system
can be considered as a single-input single-output system as the two loops are of the same
dynamic characteristics. The system response on both axes can be expressed using the transfer

functions below.

Open-loop transfer function:

H(s)=-L L 5.3

Closed-loop transfer function:



Error transfer function:

> R
S"+—-s

E(s)=1-G(s) =
s*+

R+Kp

5.4

5.5

The transfer function verifies that the grid connected inverter under SRF-Pl based dg-

decoupled current control is a second order system and the system performance can be easily

defined. The un-damped natural frequency is:

And the damping ratio is given by:

_(R+K))

ey L-K,

5.6

5.7

As mentioned in many literatures that the damping ration should be set around half of square

root two (0.707). The seriesresistance and the inductance are constant defined by the harmonic

rgiection requirement and the actual equipment. Thus the damping ration of the system is

defined by the mathematical relation between the proportional and integral gains. The integra

gain is selected for adjusting the rise time of the system. A simulation study has been carried

out to verify the design of the current controller guided by the analysis above.

Asthe size of thefilter is defined by the requirement of the harmonic rejection, the parameters

of the RL filter are independent of the design of the control system. For a VSI system on a

400V grid, the inductance is selected to be 6mH which meets the requirement for switching
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harmonic attenuation, and by using measured series resistance of a practical iron-cored
inductor, the seriesresistance is 0.08Q2. The step response of the system under different control
parameter designs based on the mathematic model are plotted in Figure 5.7. A simulation
model taking the actual V SI module into consideration is built with the same RL filter to verify

the current response. For the current reference stepping up, the grid voltage is going to drop.

Step Response

Amplitude

Time (seconds)

Figure 5.7 Unit step response of the dg-decoupled current control

The diagram shows the unit step response of the system under setting of Ki to be 60. The
damping ratio of the system increases with the increasing Kp. The optimised response is

reached around Kp= 0.8.

It has been made clear that by the analysis given above, it isimportant to apply dq decoupling
as well as grid voltage feed-forward in the control loop in order to achieve better system
response. The tuning of the controller is an important step towards the system design which
should be guided by the parameter of the filter. Noting that assumptions are made for isolating
the problem under investigation from other factors could cause disturbances to obtain the

conclusion above. They are summarised as follows.

e Thegrid voltageis measured and the sampling of the voltageisideal;
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e The current sampling isideal where no delay isintroduced;

e Thegrid voltage iswell balanced;

e The parameters of the filtering inductor are well balanced and acquired accurately;
e Thegrid frequency isat its nominal value;

e Thegrid impedanceisinsignificant and can be neglected;

e The PWM process delay is neglected.

The analysis above was made based on an elementary grid model, which has the frequency
variation and the grid impedance neglected. In redlity, the grid variation is a common
phenomenon and the level of deviation varies in different systems. In general, the mains
network is areatively stiff system where frequency deviation is limited in avery small range
for its importance of such a system while a micro-grid system can be a harsher environment
where frequency deviation could happen more frequently with higher level, affected by the
dynamic change of the load. Also, the mains system has a small grid impedance compared to
the filtering inductor while the grid impedance is not negligible in some weaker distribution
networks. Therefore, the VSI and its control system performance should be analysed taken the

frequency deviation and grid impedance into consideration.

5.2.2 Effect of symmetrical component decomposition of the current signalsto

the current control

Based on the discussion in Chapter 3, several symmetrical components decomposition
algorithms capable of working under unbalanced utility voltage are potentially feasible for the
applications of the voltage-sensor-less VSI systems dealing with unbalanced system
conditions. However, the different performances of these algorithms will affect the selection
of the system band-width as will be discussed in this section.
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Conventional current control system equipped with a.c. side voltage sensorsis usually to apply
the symmetrical components decomposition algorithm to both the measured voltage and the
current. The selection of the symmetrical decomposition and the corresponding PLL systemis
acrucia step in the control system design for achieving high dynamic performance. A slow
PLL for processing the voltage signals would results in a reduced dynamic response for the
power control as the current reference is generated based on the voltage symmetrical
components while the bandwidth of the current controller would be heavily affected by the
symmetrical decomposition of the current measurement. For the ac-side voltage-sensor-less
control proposed in this research, the grid voltage of a specific phase sequence is estimated
based on the voltage output of the VS| and the current of the same phase sequence. Therefore
the symmetrical component decomposition for voltage is not needed. The analysis will focus

on the delay effect of the feed-back current on the system performance.

The symmetrica components decomposition algorithm can be simplified as a delay when
anaysing its interference to the system. By analysis of the system response under different
input delays, the PLL interference can be predicted from its time constant. A simulation study
is carried out to investigate the performance of a current control system against the current
measurement input delay, as shown in Figure 5.8. The current system under examine is a dg-
decoupled current control in which the utility voltage is measured. To isolate the problem, the
PLL for voltage measurement is assumed ideal. The switching of the inverter power modules
isalso ignored.

F(s) Y(s)
Cs) P G(s >

D(s) |e———

Figure 5.8 Block diagram of the current control system with feed-back delay

88



Thefollowing diagram, Figure 5.9, isthe step response of a current control system. The control
parameters Kp and Ki as well as the coupling impedance are set the same in different tests
which has different time constant of D(s) shown in the figure above. The delay stage D(S) is
used to represent the delay introduced by symmetrical components decomposition which is
modelled as afirst-order low-pass delay in thistest. It can be verified from Figure 5.9 that the
system damping reduces with the increasing time constant of the D(s). Table 5.1 shows the
parameters of the filter and control coefficients. The parameters of the a.c. side including the
inductance of an L type filter and the grid is the typical value is taken from the measurement
of such parameters of the experimental test rig and will be used in the other analysis in this
chapter as well as simulations. Some of these parameters are going to be made different

artificialy in order to demonstrate a particular circumstance in some of the analysis.

Filter parameters Control parameters
Rr=100mQ Kp=0.8
Lt =10mH Ki=60
Ry=5mQ
Lg=1mH

Table 5.1 Parameters of the system under study
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Figure 5.9. Unit step response of the system under different feedback delay

From the ssimulation study, it is clear that by adding delay to the feed-back, which is the
symmetrical components decomposition in this research, the system damping is reduced and
settling time increased. It can be concluded that when the system damping further reduces by
increasing the input delay, the system will finally get into an unstable state. To compensate the
oscillation brought about by higher delay, the control system band-width should be reduced so

that the control can be kept stable.

This is exactly the same case for voltage-sensor-less control and the system discussed above
regarding to the input delay problem as the symmetrical components decomposition algorithm

is applied to the current measurement.

5.2.3 Performance of SRF-PI based dg-decoupled current control under

variation of grid impedance

The analysis above provides a typical tuning procedure of the SRF-PI based dg-decoupled

current control. However, the grid impedance is neglected in the analysis in the last section.
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The effect of the grid impedance on the stability of the inverter control system is significant if
it is not negligible compared to that of the filter. The analysis in this section will investigate
the how the grid inductance affects the behaviour of the system. The grid impedance is
modelled as a Thevenin series RL connected between the filtering inductor and the original a.c.
voltage source. As shown in the analysis above, if the impedance of the grid is not negligible
compared to that of thefilter, the equivalent seriesresistance and inductance will change which
in turn changes the behaviour of the system. As mentioned above, in the system model shown
as the transfer function of a second order system it is assumed that the inductance L in the
decoupling term is accurate when the grid impedance is negligible, so that the a.c. side dynamic
coupling between dqg axes is decoupled by the decoupling terms. Under the situation that the
inductance L in the decoupling calculation is not accurate when taking the grid impedance into
consideration, the transfer function is no longer valid. The error between the actual coupling
and the decoupling will transform the system analysed above into a multi-input and multi-
output (mimo) system, as shown in Figure 5.10. It will be hard to identify the transfer function

of amimo system. Such a system should be analysed using state space method.
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Figure 5.10 System under inaccurate dq decoupling

Starting from the a.c. side of the VSI, the inductance of each phase becomes the sum of the
inductance of the filter and the inductance of the grid. Therefore the dynamic coupling

coefficient of a three-phase system becomes the grid frequency o multiplied by the total

inductance of the systemL; +L, which is expressed as L; in Figure 5.10. Also, the line

resistance changes as well. The dynamics of the a.c. side can be expressed as follows.

Vo] [V [ =(Re +R;)  @(L +Ly) iy (1) d [is(®)
[Vgp(t)} N [voq(t)}{—co(Lf +L,) (R + Rg)ﬂiq(t)}r (Ly+ Lg)&{iq(t)} 5.8

Rearranging the equation above gives:

Vou (1) Vgd t) (R + Rg) —o(L; + Lg) iq(t) d [ig(t)
- = . —(L, +L,)—]. 59
{maj{%m) oL +L) (R +R) |li,® | " T
The output of the current controller is the sum of the output of Pl regulator, the decoupling

term and the voltage feed-forward term. Assuming there is no delay introduced to the voltage

sampling, the feed-forward term cancels the voltage dynamic of the measure voltage. The
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current controller is configured with decoupling coefficient using the filtering inductance.

Taking the grid impedance into account, the voltage at PCC becomes affected by the output of
the VSI. The grid connected VSI is able to measure the grid voltage at the PCC which will be

the voltage feed-forward to the current controller. The voltage at PCC can be expressed as:

Voeed (1) | | Vg (D) | | Ry —a@Lg |[ig(t) d | iq(t)
{%maj_t%aj‘{% R, Hum}_56{gm} 5.10
The output of the PI regulator is given as:

Vi(t) = K, -iget) + K, [l (t)-clt

511
v, (1) = K, i (t) + Kijiqe(t)dt

where ig(t) and i(t) are the errors between the current dq components and their

references respectively. The current controller is redrawn to indicate the state space variables

as shown in Figure 5.11.

The decoupling terms are given as.

{@a)z—w-g-ga) 51

Va(t) =L, -ig(t)

Therefore the differential equations of the current controller without the voltage feed-forward

can be expressed as follows:
d [Avd (t)} [ K, —a)Lf}[ide(t)} { K, —wa} d [ide(t)} 513
ll - _ n a1 ,
dt| Av,(t) ol K, e () ol K, |dt|ig.(t)

where AV4(t) and AV, (t) are
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{Avd ©) =va )+, (©) 5.14

AV, (£) =V, (1) +V, ()

Asalinear system, it is possible that the system equations be rewritten into a standard format

of the state space matrix.
p = Ap + Bu 5.15
y=Cp+Du 5.16

where u, p and y are input, state variable and output matrices (vectors) respectively, A is the
state space vector which is of particular interest for determining the stability as well as system
performance. The Eigen value of matrix A shows the pole placement of the system. Let the I grer
and lqref be the system input and the actual current be the output. The state space variables are
selected to be X1, X2, X3 and xa marked on Figure 5.10 and Figure 5.11. The system differentia

eguations are listed below:

. 1
X =X+ (U -%) K, -R-x =X, -oL]-
Ly +L,
L 1
X2—[X4+(U2—X2)-Kp—R~X2+X1~a)Lg]~Lf+L 5.17

g
Xy = (U, — %) - K;
X, = (U, — %) K,

In order to clearly show the parameters sel ected as the state space variables, the system diagram

isdrawn and the location of the state variables are marked in Figure 5.11.
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Reorganise the equations into the standard canonical format:
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_ R, +Rg+Kp B a)Lg 1 0

X, Lf+Lg Lf+Lg Lf+Lg X, Kp 0

X, _ ol, R +R +K, 0 1 X, . 0 K,y 518
Xg L +L, L +L, Li +Lg || % Ki 0 {lu, '

. —_

X, -K, 0 0 0 X, 0 K, | u
—— —_ —

Pl 0 -K, 0 o |° B

The outputs are the dq currents which are actually among the state variables. The output matrix

is constructed as following:

X
A 1 0 0 0O}x 0 Of|u
= +
Y,| |0 1 0 0f|x| [0 Olflu, 5.19
e — | ——— ——— ) ——
y c X, D u

Assume that the parameter design of the current controller are the optimised values e.g. the
case discussed in Section 5.2.1. The parameters of the filtering inductor and the current
controller are listed in Table 5.2 below. The poles are plotted with increasing grid inductance

and resistance separately using Matlab.

Grid resistance varying Grid inductance varying Control parameters
(Fig. 5.2. (a) (Fig. 5.2. (b))
Rr=80mQ Rr=80mQ Kp=0.8
Lf =10mH Lf =10mH Ki=60
Ry=5~25mQ (5mQ2 step) Ry=5mQ
Lg=1mH Lg=1~5mH (1mH step)

Table 5.2 System parameters.
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Figure 5.12. Pole-zero map of the system under study with increasing L.

Figure 5.13 Pole-zero map of the system under study with increasing Ry

It can be seen that with the increase of the grid inductance, a second pair of poles (the pole
pairs on the left hand side of the graph) are present and the damping of the second pair of poles

is reduced. The reduction of the system damping ratio will cause oscillation in the output and
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the system settling time isto be increased accordingly. In the case that the grid side inductance
is much greater than the filtering inductance, the grid side dynamic coupling coefficient will
be much greater than the controller side decoupling coefficient making the decoupling effect
insignificant. The controller behaviour then approaches the elementary SRF-PI based current
control without decoupling term. The idealised model of the system doesn't show that the
second pair of poles falling into the right hand side of the imaginary axis of the s-plain. But
considering a more complex model e.g. with dynamic of the PLL system or resonance of LCL
filter if used, the lower damping ration indicates that the system is under risk of resonance
which means the stability of the system is harmed. It can aso be verified from Figure 5.12 that
the first pair of poles are moving towards the zero point of s-plain showing that the system
settling time increases. Viewing from the current response wave form, it can be seen that the
first pair of poles represents the behaviour of average value of the output under oscillation

dominated by the second pair of poles.

The solution to the problem illustrated above would be focus on the oscillation problem whose
behaviour isrepresented by the second pair of poles. The reduced system response represented
by the first pair of poles could be solved by increasing the controller bandwidth. However the
controller bandwidth is subjected to not only the goal of optimising the system response under
acertain a.c. side impedance but aso factors including PWM switching frequency, sampling
frequency and PLL dynamics. Therefore, the increase of the controller bandwidth will not be
modelled hereasit may cause additional problems. If the bandwidth islarge enough, e.g. higher
than half of the sampling frequency, then the system will lose stability due to insufficient
sampling. Similar case will happen for a controller bandwidth higher than half of the PWM
frequency, the output voltage determined by the duty ration of the PWM waveform is simply
not fast enough to track the reference and lose stability. In real applications, if the grid side

impedance is significant enough, and the output of the inverter will cause a voltage change at
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the PCC where the grid voltage is measured. If the voltage change has a higher bandwidth than
the PLL, the system is also at the risk of losing stability. The best counter action to the
oscillation problem caused by the variation of the grid impedance would be acquiring
parameters of accurate line inductance for decoupling the dq axes. The second pair of poles
will disappear if the decoupling is idea. However, the impedance of the grid can hardly be
measured and moreover, it is not always the same over time. A closed-loop approach of
observation to the grid impedance is a solution but it consumes additional computational power
of the computing unit. Further, it is not easily achievable in voltage-sensor-less control thusiit
isnot considered in this research. A passive adaptive method which will be used in the system
design is to tune the controller off-line, taking the possibility of the grid impedance variation
thus the reduction of the system damping into consideration. A compromise will be made
between the system response and stability in the case of grid impedance variation. The system
istuned for a higher damping ratio by increasing the proportional gain for an assumed average
grid inductance. Then if the grid inductance varies, the system has redundant damping to
stabilise the system. The cost would be as discussed above, for a higher damping ratio, the

system will take some additional time to clear out the error.

5.2.4 Performance of SRF-PI based dg-decoupled current control under

variation of the grid frequency

The grid frequency deviation should be taken into consideration as the conventiona dq
decoupled control tuning was often made based on the assumption of the nomina grid
frequency. The dq axis decoupling feed-forward in the current control system will not be
accurate if the actual frequency is different from the assumed frequency. Therefore errors will

occur between the actual coupling and decoupling terms. The frequency deviation could cause
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the system behaviour change from the original design. As by the effect of the error in the
decoupling term, the system can no longer be analysed based on the transfer functions provided
in Section 5.2.1. The case is similar to the anaysis in 5.2.2 as the decoupling accuracy is
harmed by a different w. However, the error of the decoupling term is different from the error
caused by grid impedance. The grid frequency can be different from the nominal value, e.g.
50Hz. This could result in the change of system from two aspects. Firstly, the system will
generate a steady state erro ifthe frequency locking mechanism, usually provided by aPLL, is
not used. Considering this particular model, the dq signals obtained after applying abc-dg0
transformation without correct grid frequency will no longer be constant but a sinusoidal
waveform with its frequency being the difference between the actual frequency and the
reference frequency for abc-dq transformation. In this case, the Pl based controller is not able
to track the reference signals without steady state error. Thisis already shown in Section 2.3.
The second aspect of the change of the system response is due to the deficiency of the
decoupling term in the current controller for the error between the assumed grid frequency and
actual grid frequency. This change of system response will happen regardlessif the abc-dg0 is
done at the correct frequency or not, as long as the parameter of the grid frequency in the
decoupling term is not on-line adjusted. The analysis in this section will focus on the second
aspect of change in the system’s dynamic behaviour assuming that the abc-dqO is done at a
correct frequency of the reference frame. A system block diagram is drawn and as shown in
Figure 5.14, where the error of the decoupling of the dg-axis occurred due to the mismatch of

the assumed nominal grid frequency » and the actual grid frequency «' is shown
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Figure 5.14 Pole and zero placing under different grid frequency

The influence of the change of the grid frequency on the dynamic behaviour of the controller
issimilar to that of the inductance mismatch as they both affect the accuracy of the dq

decoupling. The following state space equations are obtained for the system shown in Figure

5.15.
R+ K 1
f— p —_— —_— —_—
%, L (@ ~ ) L0 | |K, O
' R+K 0 K
2= op—0, 0 =||*% |+ diis 5.20
X L L || % Ki 0]y, '
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The pole and zero placement of the system is shown in Figure 5.15. The current control system
can be expressed by a second order system if there is no error between the grid frequency used
in the dqg decoupling and the actual grid frequency. In that case, there will be only one pair of
poles. The frequency deviation affectsthe accuracy of the dq decoupling and will result in extra
oscillation. It has a more significant effect compared to the other parameters investigated in
Section 5.23. Besides, if the frequency for defining the dq reference frame of the current
controller is different from the real grid frequency, the controller will yield steady state error
as introduced in Chapter 2. This proves a frequency locking mechanism is necessary. The
decoupling coefficient could be adjusted in real time to solve the problem, but the band-width

of the frequency parameter variation should be restricted for stability reason.

Figure 5.15 Pole and zero placing under different grid frequency

The pole and zero placement of the system is shown in Figure 5.15. The current control system
can be expressed by a second order system if there is no error between the grid frequency used
in the dg decoupling and the actual grid frequency. In that case, there will be only one pair of

poles. The frequency deviation affects the accuracy of the dq decoupling and will result in extra
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oscillation. It has a more significant effect compared to the other parameters investigated in
Section 5.23. Besides, if the frequency for defining the dq reference frame of the current
controller is different from the real grid frequency, the controller will yield steady state error
as introduced in Chapter 2. This proves a frequency locking mechanism is necessary. The
decoupling coefficient could be adjusted in real time to solve the problem, but the band-width

of the frequency parameter variation should be restricted for stability reason.

5.2.5 Performance of the SRF-PI based dg-decoupled current control with

voltage feed-forward delay

The above investigated the performance of the primary system design under different grid
conditions. The ideal case is that the variation of the grid voltage is fully cancelled by the
voltage feed-forward term. However in the case that the grid voltage is estimated where adel ay
isintroduced, the system response to a change of the grid voltage will not be asideal as shown
in the analysis above. It is a similar case to those conventional systems which has non-ideal
feed-forward voltage signals. One example is the voltage oriented current control especialy
considering its performance in the reality. The voltage feed-forward term will not be an ideal
match to the exact grid voltage. The error of the grid voltage feed-forward can be caused by
several facts. Firstly, the sampling of the grid voltage will not be ideal in redlity for the errors
between the desired parameters and rated parameters commonly existing in the components
used for building a sampling board. Secondly, most of the automatic control actions are done
by digital controllers nowadays. The sampling and signal processing introduces delay. Thirdly,
the error can be created from a PLL transient. Fourthly, the symmetrical component
decomposition system will aso introduces delay. Among these factors, the PLL system and

symmetrical component decomposition usually cause longer transient and larger errors. Thus
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the effect of these dominating factorsis modelled in the analysis below. In case of this system
would introduce delay when tracking the dynamics of the measured signal, the voltage feed-
forward terms in the controller will have error with respect to the actual grid voltage. The
change of the grid voltage should be taken as disturbances and analysed. The disturbance

transfer function should be included.

The dynamic response of the PLL is complex as it does not only introduce delay but also
overshoot and high order oscillations. The PLL can be reduced to a second order system using
small signal model. To simplify the problem, the PLL is assumed to be critically tuned so that
the over shoot can be ignored. Then symmetrical component decomposition system using
filtering method has a similar delay effect asthe PLL. It will be valid for modelling the effect

of these delays using afirst order delay as shown in Figure 5.14.
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Figure 5.14. Block diagram of the system under grid voltage feed-forward delay

For alinear system, the system response should be the sum of the response against input change
and the response against disturbance. Assuming the decoupling of the dg axisis ideally done,
the system can be simplified as a SISO system as discussed in Section 5.2.1. The disturbance
to the system will be the current response caused by the error between the real grid voltage and
the inaccurate grid voltage feed-forward.
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The simplified system is shown below in Figure 5.15:
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Figure 5.15. Small signal model of the system under study
The disturbance transfer function is:

! g1 5.22

D(s) = -
(s) (Ts+1 Ls+ R

The delay introduced to the voltage feed-forward under changes of the grid does not only affect
the regjection of disturbance but also causes the power tracking to take alonger transient stage.
It can be verified from Equation 4.18 and 4.19 that the current reference is an inverse function
of the grid voltage. In the previous discussion, the voltage disturbance is fully cancelled out by
voltage feed-forward, the correct current reference for a desired power will be generated
instantaneously. The speed of power tracking is subjected to the time constant of the current
controller. But if the delay introduced to the voltage feed-forward which is al so used to generate
the current reference is significantly larger than the time constant of the current controller, the

speed of power tracking will be subjected to the voltage feed-forward delay instead.
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5.3 Grid voltage obser ver

Given the dynamic model of the grid side circuit and ignoring the delay and the none-linearity
of the PWM stage, the line voltage is observable if the current and output voltage are known

and the filter reactance given. The a.c. side dynamics of the VSI is given by:

V pecd _ Vod + -R oL i.d +Li id 523
Voeeg Voq -oL —R||1, dtj1,
The difference between the voltage at the PCC and the voltage output of the VSl isthe voltage
drop across the RL filter branch. For a given current output, the voltage drop is subjected to
the RL filter parameters. Verified by the pole placement of such a system as stated in Figure

5.12, there is no poles and zeroes cancelling each other. Therefore the voltage drop across the

RL filter is observable from the current injected with the parameter of the RL filter known.

The grid voltage observer utilises the current output of the VS| as a reference. A virtua filter
model is built inside the controller based on the real parameters of the filter. An estimated
voltage drop is fed into the virtua filter model to generate a virtual current response which is
then compared to the actual current injected into the grid. The error between the actual current
and virtual current during the transient stage is used to adjust the estimated voltage drop. As
the relationship between the voltage drop and the current is fixed by the given RL parameter,
the virtual current will equal the actual current in the steady state. Pl decoupled current control
is adopted as the controller to minimise the error until the system reaching steady state. Based
on the analysis of the SRF-PI based dg-decoupled current control in Section 5.2.1, the
bandwidth of the observer can be easily defined and adjusted. The grid voltage thus can be
calculated based on the voltage output of the VS| and the estimated voltage drop. The block

diagram of the proposed grid voltage observer is shown in Figure 5.16.
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Figure 5.16. Block diagram of proposed voltage observer

As the reference to the observer is the current output whose dynamics are subjected to the
bandwidth of the current controller, the current control loop should be viewed as the outer |oop

of the voltage observer.

The tuning procedure of the grid voltage observer is the same as that of the SRF-PI based
current control analysed in Section 5.2.1. It is worth clarifying that for the case if the grid
impedance is not negligible, this design is still valid. The observer is actualy to estimate the
voltage at the PCC where the voltage is measured for the conventional current control system.
The voltage observer satisfied the design purpose as a replacement of the voltage

measurements.

Asthe grid voltage observer has its own bandwidth thus delay between the actual voltage and

the estimated voltage will occur during the dynamic stage. In Section 5.2.4, the non-ideal
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voltage feed-forward is analysed based on the model which has a delay introduced to the Vg
and I4 caused by the PLL . The delay of the estimated voltage of the observer is considered to
have the same origin as the case discussed in this section. This effect could be analysed using
a similar model. Therefore, the over-all performance of the a.c. voltage-sensor-less current
control is expected to have similar behaviour to the VSI controlled by conventional controller

with voltage sensor equipped but has voltage feed-forward delayed.

The grid voltage estimation can be ssimplified based on the ideal current control model
discussed in Section 5.2.1 as the non-ideal situation such as feed-forward delay and current
measurement delay will not exist in this virtual system. The dq axis decoupling can also be
done idedlly as the parameters of the virtual load and the parameters used in the decoupling
terms can exactly match each other. Therefore the model is reduced to a SISO system. The
following diagram, Figure 5.17, shows the small signal model of the grid voltage estimation

system.

Pl regulator

qu»drop

Figure 5.17 Small signal model of the voltage estimation system
The closed-loop transfer function can be drawn from the diagram as:

Ky,s+K;

G(s)=——=
Ls"+(R+K,)s+K

5.24
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As generally applied when designing the control parameters, the input to a system should have
alower bandwidth comparing to the control system to ensure the stability. To keep the system
stable, the band-width of the inner-loop should be at | east three timeslarger than the outer loop.
Further, in this system design, the bandwidth of the voltage observer is selected to be five times
of the current control to avoid any undesired oscillation. This is because the current control
system will not be good enough if it is stable, but the output of the controller in term of Vg and
Vq need to be oscillation free to ensure the power quality. The low-pass-filtering characteristic
of the PI controller also provided the harmonic rejection ability where the irrelevant noise and
harmonic are attenuated so that a clean voltage signal with the fundamental component of the

control interest.

5.4 A.c. voltage-sensor -less current control

The dq decoupled current control needs the information of the grid voltage in order to control
the power output as well as minimise the transient current overshoot in the case of the grid
voltage variation. With the grid voltage estimated by the observer discussed in Section 5.3, this
piece of information is acquired without using voltage sensors. As amain concern in al sorts

of control system designs isthat the stability issue should be discussed.

Asdiscussed in Section 5.3, the d.c. bus voltage control loop is considered to be the outer loop
of the controller and should have the slowest dynamic to ensure stability. It is tuned to be
significantly slower than the current control stage in this research, so its dynamics can be
ignored in some analyses. The stability of the system is defined by the current control and the
grid voltage estimation. In the voltage-sensor-less control, the voltage for generating the
current reference is the output of the grid voltage observer whose dynamics is coupled to that

of the current controller. As the observer is tuned with a wider bandwidth compared to the
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current control as discussed in Section 5.3, the high frequency components in the current
reference need to be restricted to ensure the stability of the system. A low pass filtering stage
is deployed to serve this function. It breaks the dynamic coupling between the grid voltage
estimation and the current controller, as shown in Figure 5.18, therefore will be referred to as

the dynamic decoupling stage in the discussion below.

ng 1 Vg
Kp + Ki - _>
S
Vit
Figure 5.18 Diagram of the dynamic decoupling stage
The close loop transfer functioniis:
D(s) = Kps+ K 5.25
(K, +Ds+K, '

The bode plot below (Figure 5.19) shows the magnitude-frequency and phase-frequency
characteristics of the dynamic decoupling stage under a selected set of Pl coefficient are 0.1

for proportiona gain and 40 for integral gain.
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Figure 5.19 Bode diagram showing the low-pass character of dynamic decoupling stage

The PI controller istuned to have abandwidth of 1/5 of the current controller so that the current

controller is swift enough to track the input signal and avoid undesired oscillation. The overall

block diagram is shown in Figure 5.20.

Phase-L ocked-loop

Ioa abc |d Vclc
|Qb —_— | 0
d q
loc q V” V
Ly | god dg = PWM
L Gridvoltage Dynamic V' Da-decoupled Voo signa
—{ estimation decouple 9 current vV 9
> control abc | Yoo | generator | Gate
lrer signas
——
—| Current |
reference | 'oref
0

Figure 5.20 Block diagram of the basic a.c. voltage-sensor-less current controller

The stability of thisa.c. voltage-sensor-less controller can be found based on asimplified model

with the dynamics of the power control stage and PLL ignored. Assuming that the grid
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frequency is tracked and the coupling impedance is accurately acquired, the system can be
further ssimplified as a SISO system. The transfer functions of the current controller, grid
voltage observer and the dynamic decoupling stage has been derived in the previous sections
under the same assumptions. The diagram of the system is shown below in Figure 5.21. The

whole system closed-loop transfer function then can be drawn as:

SN Hy(9H(9

le L+ H,(9H,(S)— D(YH,(3)H,(9) 5.26

where Hl(S) is the transfer function of the PI regulator in the current controller, H2(3

(Equation 5.24) is the closed-loop transfer function of the grid voltage estimation, |‘L(S) IS
the transfer function of the RL filter and D(s) (Equation 5.32) is the closed-loop transfer

function of the dynamic decoupling stage.

Grid voltage estimation  Hy(s)
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Dynamic decoupling  D(9) | Ls+R
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Figure 5.21 Block diagram of small signal model of the a.c. voltage-sensor-less controller

For a given set of control parameters listed below in Table 5.3, the system stability can be

anaysed using itsbode plot, Figure 5.22. The phase margin is 70 degrees which is close enough
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to the optimum design objective of 60 degrees. In Table 5.3, the parameters of the system are
listed. The PI coefficient of the grid voltage observer is selected for enough bandwidth to track
the change of the a.c. side voltage caused by the control effort done by current controller. As
mentioned earlier in this section, the PI coefficient of the dynamic decoupling stage is sel ected
for reducing the bandwidth of the reference signals to the current controller to stabilize the

system.

Design parameters of the closed-loop system

Kp1 0.8
Ki1 60
Kp2 4
Kiz 300
Kpa 0.1
Kiz 40
R 0.1
L 10mH

Table 5.3 Design parameters of the a.c. voltage-sensor-less system
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Figure 5.22 Bode diagram of the closed-loop system

The current control and the grid voltage estimation necessary for generating the current
reference to regulate the power has been designed as discussed above. The basic a.c. voltage-
sensor-less current control structure is made clear and shown in Figure 5.20. As briefed in
Chapter 2, the dg-decoupled current control is not sufficient for tracking a sinusoidal current
reference. The negative sequence current needed for compensating the 2" harmonic power is
not controllable through asingle dg-decoupled current controller for the positive sequence, due
to the reason illustrated above. Therefore, two current controllersin the two different reference
frames are needed for controlling the positive and negative phase sequence separately and
simultaneously, as shown in Figure 5.23. The steady state error is eliminated in this

arrangement [120].

A conventional SRF-PLL system is used to track the phase angle and the frequency of the
system. The estimated Vq of the positive sequenceis used to drive the PLL system. The current
reference is generated through Equation 4.18 in Chapter 4. The grid frequency is an important
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reference for operation of the control system as well as the symmetrical component
decomposition algorithm. The main objective of adopting this PLL is for tracking the grid
frequency. The power can be controlled through the current reference generated from Equation
4.18 as long as the grid frequency is correctly tracked. As the symmetrical components of the
current measurements are decomposed and grid voltage are estimated by each phase sequence,

the conventional SRF-PLL system will be sufficient to operate even if the grid voltage is

unbal anced.
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Figure 5.23 Diagram of a.c. voltage-sensor-less current controller for riding through

unbalanced grid fault

5.5 Chapter summary

First of all, the highest frequency component that is possible to control in the current is half of

the switching frequency or the sampling frequency. The bandwidth of the current controller
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should not exceed the limit set by these value otherwise the control will not be stable. The
upper limit of the current controller is further limited by the delay introduced by the
symmetrical component decomposition algorithm which is usually the dominant factor to

consider.

The sampled current is decomposed into positive and negative phase sequences using the
decomposition algorithm design discussed in Section 3.2.5. The decomposition of the phase
sequence introduces delay which has a harmful effect on the current control stage as shownin
the analysis of Section 5.2.4. The decomposition should be proposed with less delay to improve
the performance of the current controller. The proposed symmetrical component
decomposition algorithm has transformed the signals of a lower frequency to a higher
frequency. This action could cause the sampling to become insufficient and cause alias. In the
application, the delay used in the decomposition algorithm should be maintained above a
certain limit, restricted by the sample rate. The parameter Nres Which affects the delay is

selected to be 5 to in the later sections to improve the performance.

A conventional SRF-PLL is deployed with the input to be the estimated grid voltage of the
positive sequence to track the angle and grid frequency of the system. The grid voltage is
proposed to be estimated by the voltage observer introduced in section 5.3. Then it will be used
to generate the current reference using instantaneous PQ theory under dq reference frame. The
use of the SRF-PLL system is valid for the proposed control system to ride-through the
unbalanced grid fault as the symmetrical components is decoupled before the grid voltage of
the positive and negative sequence voltage are estimated. So that the SRF-PLL system has the

input of only the positive sequence voltage.
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Chapter 6 D.C. BusVoltage Control and I nitial Synchronisation

tothe Grid

6.1 Introduction

Apart from the design of the a.c. voltage-sensor-less controller, there are other two aspects
which need to be investigated to ensure the safe operation of the VSI. Firstly, the d.c. bus
voltage should be regulated in order to provide high enough voltage to avoid the PWM process
falling into the non-linear over modul ation mode of operation, or being over charged to threaten
itsown safety at the same time. Secondly, due to the lack of information about the grid voltage
before starting-up the VSI, large transient over current may occur which could damage the
inverter power modules. Therefore the start-up process should be specially designed to avoid

the problem.

6.2 D.c. busvoltage control and capacitor design

The d.c. bus capacitor should be designed to withstand the voltage fluctuations caused by the
variations from either the generated power or the disturbance from ac-side grid. The d.c. bus
voltage should be controlled to serve the control purposes of protecting the capacitor from over
charging or falling into the non-linear over modulation range. In this section, the selection of
the capacitance of the d.c. bus and the controller design are discussed with regarding to the

current control objectives.
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6.2.1 D.c. natural voltage variation

In VSI operation, the output voltage at the power electronic terminals should be at least equal
to the grid voltage in order to control the output current and hence the power into the grid. The
commonly used PWM switching with athreeleg inverter isonly able to produce am equivalent
a.c. voltage with its amplitude equal to half of the d.c. link voltage. Therefore, the d.c. bus
voltage should be higher than peak-to-peak value of the grid line voltage. Thisistheideal case
for the minimum requirement to the d.c. bus voltage. In redlity, the d.c. bus voltage capable of
supporting the VSI with power output is significantly higher than the amplitude of the nominal
grid voltage dueto thefollowing reasons. Firstly, the power modul es introduces avoltage drop.
The size of the voltage drop is dependent on the material used in the power electronic devices.
Also, the semiconductors will introduce resistance which causes further voltage drop
depending on the current flow. The d.c. bus voltage should be high enough to compensate these
voltage drops. Secondly, depending on the size of the coupling impedance between the VSI
and the grid, the actual terminal voltage may need to be higher than the grid voltage which
variesin the £10% statutory limitsto drive acurrent flow. In acase when the VSl is supporting
the grid by injecting lagging reactive power, the output voltage at the VS| terminal should be
even higher for the same amount of real power output. This requires sufficiently high d.c. bus
voltage. Thirdly, the modulation depth for generating the PWM signal is usualy controlled
between 0.8 and 1. With higher modulation depth, the performance of the VSI in term of the
harmonic injection improves. But amargin is needed for anticipating the grid voltage variation.
In case of providing such a margin by reducing the modulation depth, the d.c. bus voltage

should be increased.

Assuming aV Sl is connecting to the 230V three-phase system and providing power to the grid.
The first constrain for selecting the d.c. bus capacitor is that the rated voltage level of the
capacitor should be at least twice as high as the tip of a required output voltage. If the d.c.
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voltage drops below two times of the output voltage amplitude, the switching scheme
regardless its nature e.g. PWM, hysteresis and etc., will not be able to produce the desired
voltage in a linear manner thus performance of the VSI is affected. A typical consequence
would be harmonic injection and for voltage-sensor-less control and it is further added with

oscillation in the control effects.

The amplitude of the output voltage varies with the output power factor under the same real
power output. Unity power factor istypical for most of the small renewable generation units.
The phasor diagram in Figure 6.1 below shows the output voltage regarding to the current
output and the grid voltage. In thisresearch, the rated power of the VSl is considered around a
few kW and regarded as small generation. Thus the capacitor design will only take the
requirement for the VSIs working as power source other than some other equipment

responsible of injecting reactive power to support the voltage.

Grid voltage

VS output voltage

Line current

V oltage drop due to grid i mpedance

L eading Power

factor — ="\

. I Unit Power Vg
s factor

. Lagging Power
factor

Figure 6.1. Phasor diagram, output voltage under different power factors

Another aspect for selecting the voltage rating of the d.c. bus capacitor isthe modulation depth.
A typical modulation depth is around 0.8 for practical applications. This modulation depth is

selected for a balance between the harmonic restriction and the transient tolerance. Therefore,
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the rated voltage level of the d.c. bus capacitor can be sel ected according to the two constrains

discussed above.

The physical size of d.c. bus capacitor is another issue when designing the d.c. side capacitor.
The capacitor is a space consuming component of a VSI module. In the accepted range, the
capacitor should be designed as small as possible. Thisfacilitate the modular design of the VSI
board in term of spacing efficiency. However, as an energy storage component, the d.c. bus
capacitor determines the physical inertia of the VSI system response. With larger inertia, the
V Sl system becomes stiffer against impact brought about by grid voltage dip and sudden upper
stream changes. It is pointed out in some other researches that for tuning the behaviour of a
VSl to emulate a synchronous generator, the physical inertia plays a vital role [141]. In this
case, the capacitance of the d.c. busis desired to be higher which resultsin a larger capacitor
design. Because of this conflict, compromise should be made. Further, the capacitor can usually
tolerant the voltage exceeding its rated voltage within 10% range. This property should be

considered so that the size of the capacitor can be further restricted.

Without losses, the grid connected V SI should output power equal to the d.c. side power. The
power flowing into the d.c. busis determined by the upper stream devices such as rectifiers or
d.c. boosters. In renewable power generation, the power acquired from the environment varies
over time. Therefore the power generated is not a constant but dynamically changes. The
change of the power generated will be reflected on the d.c. bus voltage as overshoot/undershoot
during the charge/discharge process. For the upper stream devices of a passive nature e.g. a
dioderectifier, the power output of the V Sl should be adjusted accordingly to balance the power
flowing through the d.c. bus. Asthe voltage fluctuation of the d.c. busis subjected to the energy
exchange between thed.c. sideand a.c. grid, inthe casewhen the VSI playsarolein controlling

the d.c. voltage, power output is specifically refer to the real power.
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6.2.2 D.c. natured voltage controller design

The d.c. bus capacitor has its dynamics modelled from the relationship between the energy

stored in the capacitor and its terminal voltage. The energy stored in the capacitor is:

E:%cvz 6.1

It is clear that the energy stored in the capacitor is proportiona to the voltage square. The
voltage square therefore is used as the input to the controller, expressed as W(s) in the transfer
function. The d.c. side resistance is neglected as it is usualy very small. Knowing that the
energy is power integrated by time, through Laplace transformation, the transfer function for

the d.c. bus can be derived from:
1
P(s) = ES-C ‘W(s) 6.2

The error between the reference voltage square and the actual voltage square will be feed into
aPl regulator and the output will be used to adjust the power reference on the ac-side, as shown
in Figure 6.2. The voltage exceeding the reference value will drive the Pl controller to output
a higher power reference for the a.c. side so that the additiona energy stored in the d.c. bus
capacitor can be dispatched. A feed-forward term of the power reference is added, usually
calculated by the measured d.c. bus voltage and current on the input side, to improve the
dynamic response of the d.c. voltage control. The power variation due to the change of the
generator side will be decoupled by this term under ideal conditions. In this case, the d.c.
voltage control is dealing with the d.c. voltage variation caused by disturbance from the a.c.

side.
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DC voltage System Plant
Controller

Vdc_rd |

Figure 6.2 D.c. voltage control, open-loop approach, closed-loop diagram

Theideal model of the d.c. voltage control and the controlled system shown above can be used
to describe the fundamental concept of the d.c. bus voltage control. It expresses the dynamics
of the d.c. voltage control as an outer-loop of the control system. However, the current control
stage will not be able to reach unlimited band-width in reality. The power output of the VSI
will not be able to immediately follow the reference power in this case. Before the current
controller could reach a new steady state, the d.c. capacitor will continue to be charged or
discharged depending on the actual situation. Then the original design of the d.c. voltage
controller will not work asdesired. Thereforethetransient delay of the current controller should
be taken into consideration, as shown in Figure 6.3. Assuming that the system is operating at
the grid frequency and the parameters of the a.c. side impedance is known to the system
controller, the current controller can be modelled using the ssimplified current control model
provided in Section 5.2.1 without considering the complex current controller behaviour. The

system under discussion is shown in Figure 5.20.

DC voltage Current
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Figure 6.3. d.c. voltage control loop taken dynamic of the current control into consideration
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The closed-loop transfer function can be derived:

_ Y(s) _ 2. Kpl’ sz’s2 +2’(Kp1’ Ki2 + sz : K‘l)'s+2’ Kil' Kiz

CF(9 L-C-s'+C(R+K,) S +(C-Ky+2:-Ky K,) 8 +2- (Ko K, + K, Ky 5+2- Ky Koy

G(s) 6.3

where Kp1 and Kiz are the gains of the PI regulator of the d.c. voltage controller; K2 and K2 are
the gains of the Pl regulator of the current controller; L and R are the inductance and resistance

of the a.c. side and C is the capacitance of the d.c. capacitor.

The boundary of the design of the PI gains of the d.c. voltage controller for a specific system
can be found by inspecting the location of the poles. The parameters of the systemislisted in
Table 6.1 below. The pole-zero map and bode plot are plotted accordingly in Figures 6.4 and
6.5. The capacitance is decided for an origina design of the converter board before putting into
test rig which is changed in the later research stage for handling power fluctuation which will

be discussed in the next section.

Design parameters of the d.c. voltage control system

Kp1 2~10
Ki1 300
Kpz 8
Ki2 200
C 460uF
R 0.2Q
L 10mH

Table 6.1: Parameters of the d.c. voltage control and the system

123



Kp= 10

Kp=2

Kp=8
Kp=6
Kp=4
Kpincreases
Kpincreases
Kp=4
Kp=6
Kp=10 Kp=8

Figure 6.4: Pole-zero map of the system under study
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Figure 6.5: Bode plot of the system under study
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It isclear from the pole-zero map that with the given parameters, the system start to be unstable
when Kp: is around 2 and less. Kp1 should be increased to ensure the stability of the system.
The damping ration of the system increases with increasing Kp1. The desired damping ratio of

0.707 is reached when K1 equals 69.

The performance of the d.c. voltage control is affected by the parameters of the current
controller, the a.c. side impedance and the size of the capacitor. The tuning of the controller
needs to take these factors into consideration. In the design process, the response of the current
controller is defined by factors independent of other parts of the control system. The design of
the size of the d.c. bus capacitor can be guided by the requirement of absorbing negative
sequence power which is detailed later. In the design process, the response of the current
controller is defined by factors independent of other parts of the control system. So with other
parameters defined by the grid side, its controller should be done under guidance provided by

the current controller design.

6.2.3 A.c. natural voltage variation

The d.c. bus capacitor design could vary from the design discussed above due to different
control strategies of the VSI. The voltage fluctuation has two distinctive features. The design
method above considered a problem of d.c. voltage rise/fall of ad.c. nature caused by aslowly
varying power mismatch. The fluctuation resulted from an a.c. side harmonic or unbalanced
phase output is regarded as of an a.c. nature, in which case the d.c. voltage will be shaped with
high frequency ripples. The frequency of the ripple could be roughly verified by the oscillation
frequency of the relevant harmonic on afundamental dq reference frame e.g. for atypical 5™
and 7™ harmonic injection on the a.c. side, the d.c. voltage rippleswill be the 6™ harmonic. The

uncompensated output power during an unbalanced voltage dip will also cause the d.c. side
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voltage oscillation as the negative sequence is the -1% order harmonic in another sense. If the
voltage control is utilised to generate the current reference to compensate the unbalanced
power, two problems can be addressed. Firstly, the use of the PI regulator in the d.c. voltage
control system will introduce delay, therefore the power reference generated will not change
in an accurate manner to compensate the power unbalance on three phases. Secondly, even if
the power reference is ideally tracking the desired trgjectory to compensate the power, it will
cause the current reference oscillating in a sinusoidal pattern. As discussed above, the SRF-PI
based current control is not capable of tracking asinusoidal reference without error. Therefore,

it is not feasible to integrate the unbal anced power control into the d.c. voltage control loop.

The voltage ripples on the d.c. side caused by harmonic power is neglected in this research as
even for the capacitor design considering only the d.c. natured voltage change, the power
oscillation caused by harmonic is usualy very small as the higher order harmonics are
restricted on the grid side. For the d.c. voltage fluctuation due to unbalanced phase power, it
usually causes bigger problem due to the negative sequence voltage being much higher than
those harmonics. This oscillation is rejected from the current controller side. Also the control
strategies vary with different applications during unbal anced fault-ride-through. Some of them
intended to stabilize the power system by absorbing the negative sequence current/voltage
which naturally results in a d.c. voltage oscillation. The design of the size of the capacitor
should take a different approach as discussed later. For a system designed without the duty of
absorhbing the negative sequence components, the d.c. capacitor design could take the approach

discussed above.

Considering the case of an unbalanced voltage dip and assuming that the output power is not
compensated accordingly, the capacitor size can be selected from an energy absorbing point

of view. The oscillating instantaneous power can be expressed as:
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P, (t) = AR, Sn(2at +¢) 6.4
where APpeak isthe amplitude of the oscillating power, given by:

AP :(v;-|;+vq+-|(;+vd<|g+vq<|;)+(—vq*.|(;+\/d+.|;+\/q*-|g—\/d*-|;) 6.5
Noting the dq term in the equation is obtained via a power invariant dq transformation.
Otherwise a coefficient of 3/2 should be multiplied.

The energy exchange due to this power oscillation is also a sine function with its peak

caculated to be:

1
AE ey = [ AP, Sin(20t)dlt 6.6

amp

where T is the fundamental period.

In this research, the system is modelled as a 50Hz system. Applying the grid frequency and its

fundamental period, the energy peak is:

AP
AE_ =—2® 6.7
Pk 10077

For agiven d.c. bus capacitor with its capacitance being C, the peak voltage variation is:

_ 5 [ABpe 6.8

AV
peak 2C

This voltage variation should not cause the d.c. voltage rise above 10% of the rated voltage. If
itiscalculated to be higher than the limit under a possible assumption of the unbalanced voltage
dip, the d.c. bus capacitance should be increased, either by selecting larger capacitor or
connecting more in parallel. Guided by this equation, the d.c. side capacitor is selected to be

1380uF with rated voltage of 800V.
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To summarise the discussion in this section, the capacitor design has different approaches
considering two possible kinds of disturbances. The VS| designed to absorb the unbalanced
current should have alarger d.c. bus capacitor to support the system. In this research, different
power control objectives are equally considered. Therefore the capacitor design will follow the
second approach for riding-through the unbalanced fault with power of negative sequence
flowing into the d.c. side. The design of the d.c. voltage control should follow the guidance
provided by analysing the current control system bandwidth. The d.c. voltage control should

be deactivated when the VSl is operating for absorbing negative sequence power.

6.3 Initial transient ride through with ensured safety of the power

modules

6.3.1 Current hysteresis control

In addition to the techniques involved in the voltage-sensor-less control introduced in the last
section, a VSI start up process needs to be considered. The initial synchronisation to the grid
is a very important step that all the grid connected VSI systems should carry out. For
conventional VSI control systems, the phase-locked-loop used for extraction of the direct and
guadrature signals as well as the frequency of the grid voltage is usually activated before the
rest of the control system. By taking this step, the information of the grid synchronisation is
acquired. A failed initial synchronisation may cause a large transient current when the power
module is activated. A test result is shown below to demonstrate the seriousness of the failed

initial synchronisation.

For the proposed voltage-sensor-less control, it is also very important to acquire grid

synchronisation before activating the inverter. However, it is now impossible to carry out the
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conventional procedure due to the nature of the voltage-sensor-less contral. It isanew and yet
important task for the ac. side voltage-sensor-less system as no direct measurement is
available. In this research as well as some other researches, the method for synchronising the
VSl to the grid has been established for steady state operation [54-57, 80, 133]. The system
start-up is adifferent case. Firstly, the initial transient currents needs to be controlled to avoid
damaging the components. Secondly, the power flow should be controlled to avoid undesired

charge/discharge of the d.c. bus capacitor.

Based on the discussion above, aninitial synchronisation operation stage should be introduced.
The initial synchronisation operation will have the following two distinct features: first, the
current should be controlled within the safety range of the power modules and without a severe
transient stage; second, the power flow during the initial synchronisation operation should be
controlled so that the d.c. bus capacitor is protected from over charging. Due to the limited
bandwidth associated with the linearized current control methods, the initial transient current
isnot able to be controlled within the safe rang quickly. Further, for a considerably large error
between the estimated grid voltage and the actual voltage. The stability and performance of the
voltage-sensor-less control system determined above using small signal model is no longer
valid. Thereisarisk of prolonged transient stage or even loss of stability. The current hysteresis
control on the other hand, offers an ideal solution with its “unconditional stability” and fast

current transient [58, 62]. Therefore, a start-up is proposed under current hysteresis control.

6.3.2 Tuning of the hysteresis control, hysteresis band design

The correlation of several factors decided the switching action of the power modules. Control
system wise, the set of hysteresis band and the sampling frequency of the computing device

has opposite effect on the average switching frequency e.g. larger hysteresis band will cause
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the average switching frequency to reduce [61]. From the VSI and a.c. grid side point of view,
the voltage drop between the coupling inductor and the desired current dynamic should be
analysed based on different situations. Firstly, the voltage drop across the coupling/filtering
inductor is not constant due to the a.c. voltage at the receiving grid end. For a given coupling
inductance, the voltage drop decided the current variation rate in time. So the current dynamics
is different at different time point along one quarter of the fundamental cycle, resulting in
different switching duty-ratios. Secondly, the current reference could be changing subjected to
the power control purposes. The change of the current reference could either accelerate the
approaching of the actual current to the hysteresis band or decel erate the process. The switching

will be affected accordingly.

From regul ating the switching loss point of view, the maximum switching frequency should be
restricted [58, 60-63]. The recent micro-computing units usually have arelatively high sample
rate compare to the maximum switching frequency of the IGBT. Ideally if the d.c. voltage is
high enough regarding to the a.c. side peak to peak voltage, the current can be controlled to
rise/fal so fast that it can always catch up with its reference within one sampling period. The
switching of the IGBT dominated by current hysteresis control therefore will be commanded
to be equally fast as the sampling frequency e.g. high above 10 kHz. It may be obviously too
high for an IGBT to handle. Therefore the number of samples between two switching state
changes should be analysed if the sampling frequency of the computing unit is significantly

higher than the desired switching frequency.

From harmonic injection regul ation point of view, an important factor that should be taken into
consideration when designing the hysteresis band is to regulate the average switching
frequency. The range of the average switching frequency can be provided by the prediction of

the maximum and minimum switching frequency.
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The switching state change will be triggered by the sampled current exceeding the hysteresis
band. The switching cycle will be an integer of the sampling period in a digital current
hysteresis control. One switching cycle should be the period defined by three such switching
state changes, which is during the actual current waveform passing the inner sector between
the hysteresis bands twice [61]. For this condition to be satisfied, the current variation rate
times the number of sampling periods between two switching state changes should be larger
than the sum of two times of the hysteresis band and the current reference variation during the
mean time. One key factor to predict the switching period is the possible rate of the current
variation. The switching period along the desired current trajectory will be analysed in the

following section.

Assume that the d.c. side voltage and a.c. side voltage can be given as:

Vac (t) = V;c -m-sin wt 6.9

where m is the modulation depth and the d.c. side voltage is assumed to be kept constant.
The voltage drop across an L filter will cause the current to rise/fall at the rate of:

9 Aigry = AV

Nl
dt L 610

where AV isthe voltage drop which is the difference between the d.c. side voltage and a.c.

side voltage.

In atwo level VSI topology, the output voltage at the termina of the VSI output will be either

v, Vv

+ 70 or — % regarding to the a.c. side neutral point for two different switching states on one

leg. The upper switch will be switched on for driving the current to rise and lower switch on

for driving the current to fall. The voltage drop across the L filter is given by:
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AV, () = e v, (1)
2 6.11

AV, (1) =~ Yo v, (1)
2
Applying the conditions of the state change of the hysteresis control, the number of samples

during the current rise and fall are subjected to the limits below:

Ai (t)+i, =i (t)+B 6.12
Ai, (t)+i, >, () -B '

where B isthe hysteresis band and ip istheinitial current value. Theinitial current value should

be the first sampling that detects the current is getting out of the hysteresis band thus the

switching state changes. The current variation term of Ai is the rise/fal rate of the actual

current integrated by the rise/fall time.

=

olo+n,T,

V,.-m-[cosg —cos(w-n-T, +@)]

Alr(t)zlj‘ SAVr(t)'dt:_'{ﬁ'n'Ts'F }

- ol 2o 6.13
Al (t) :l.j“”‘”*”ﬁs AV, (1) -t = L= Yoo . .74 Yoo M-[COS@ = COS(@-N-T, + 9)],

L Jole L 2 2.0

where ¢ istheinitia angleof thevoltage, T isthesamplingperiodand N isthe number
of sampling between switching state changes.
The current reference will be in-phase with the ac-side voltage if the unity power factor is

achieved. Assuming this is the case for the switching actions under analysis, Equation 5.31

should be rewritten as;

Vi'”r 'Ts+vd°'m'[COS(p_COS(w'n'TSJr@)] +ip> 1 sin(@-n -T,+¢)+B

\4 V,, -m-[cosg —cos(w-n-T, +¢)] 6.14
— dc 'nf -Ts+ dc % s % _,’_I(') > Iref Sin(w.nf .TS+(p)_ B

2-L 2.0 L

A further analysis on the maximum frequency existence of the fixed-band hysteresis current

control regarding to the location along the ac-side voltage waveform in the proposed system
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proved that at the zero-crossing of the ac-side voltage, the switching frequency reaches its
maximum value. In these equations, the inductance of the L filter, sampling period and grid
frequency arefixed with given conditions of the system and considered as constants. Theinitial
current value term in the equations under steady state will be close to the hysteresis band from
outside with maximum error no larger than the possible current change in one sampling period.
The number of sampling periods between the switching on and off are restricted by the desired
maximum switching frequency with given sampling frequency. The hysteresis band therefore

can be set accordingly.

For the maximum switching frequency occurring, one switching period is the sum of the time
of current rising and falling. Assuming that the hysteresis band is critically set to achieve

ii=1_,-B
{i(; =1,+B 6.15

The following equation expressing the maximum switching frequency can be derived from
Equaion 6.15, with the effect of a.c. side voltage ignored as during a switching period, the

variation of the a.c. voltage isinsignificant.

1V

f . .= <
switching (nr +nf)_-|-s 8BL 616

Therefore the maximum switching frequency can be adjusted by changing the value of the
hysteresis band. Noting that the expression of the switching frequency is also restricted by the
sampling frequency. As mentioned in the previous section, the switching state change will only
happen after a sampling istaking. For the maximum switching frequency allowed that is above
half of the sampling frequency, the hysteresis controller could be tuned to be switching once

every sampling. In that case, the hysteresis band is zero.
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6.3.3 Voltage estimation

The performance of current hysteresis control varies with different system topologies. For the
system with a clamped d.c. neutral and grounded as neutral, the current on each phase could
have a free access by controlling the current flowing into the neutral without interfering the
other phases. Therefore, the voltage ripple is considered small as for no interference occurs
[140]. However if the a.c. side and d.c. bus neutral points are assumed floating, currents will
need the access to flow back to the negative side of the d.c. bus. Note that the switching of the
power modules are not synchronised in afixed-band hysteresis control in many cases; therefore
the access is largely provided by the free-wheeling diodes in the power modules of the other
phases, which is passive and uncontrollable, causes interference between phases. The current
rise/fal time will be subject to the line to line voltage and the coupling impedance other than
the phase voltage. This could resultsin larger current ripples. In this research, atwo level VS
with afloating neutral isassumed. Thereforethe case with large current ripples discussed above
is expected. These current ripples need to be filtered out when using the current to analyse the
grid voltage. Filters with lower cut-off frequency will be utilized for the system with larger

current ripples.

To cance the effect of the interference between phases, the gate signals are filtered and
transformed into line-to-line voltages. Knowing that the amplitude of the phase voltage is 1/v3
of that of the line-to-line voltage and the phase is shifted by 30 degrees, the phase voltage can

be extract.

The voltage at the PCC can be estimated by the current, output voltage and the parameter of
the coupling inductor based on a synchronous reference frame. The same voltage estimation
algorithm as introduced in Section 5.3 will be utilized. The current sampling in the PWM

operation stage will be same as the switching frequency known as the synchronised sampling.
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The current ripples as a result of the switching will not exist in the sampled waveform.
However, the hysteresis current control will have a variable switching frequency. This makes
the synchronised sampling impossible to deploy. Anti-aliasing filter will be used on the

sampled current to attenuate the high order harmonics.

6.4 Chapter summary

The design of the d.c. bus capacitor and the d.c. voltage control are proposed taking the two
aspectsinto consideration in the overall control system design. The variation of thed.c. voltage
dueto generated power mismatching the output power is handled by the d.c. voltage controller.
The output power of the VSI is adjusted accordingly. In the case of an unbalanced grid fault,
the negative sequence power may be absorbed by the d.c. bus capacitor. The capacitor should
be large enough to handle the power oscillation and maintain at a necessary voltage level to

ensure that the modulation stays in the linear range.

An initial synchronisation to the grid is necessary and a solution is proposed with the use of
the hysteresis current control to avoid large transient current damaging the power electronic
devices. The grid voltage can be estimated during this operation. The proposed grid voltage
estimation method provides good performance for its low-pass-filtering characteristic. Thisis
particularly important to ensure the quality of the control as the hysteresis current control has

awide range of harmonic content.
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Chapter 7 Simulation Study of A.C. Voltage-sensor-less Control

System and Simulation Results

7.1 Proposed symmetrical component decomposition

Simulation is carried out to examine the transient of the decomposing algorithm used to dedl
with a sudden unbalanced grid voltage change. The disturbance is that the voltage dip will
reduce the positive sequence voltage while a negative sequence voltage will be added in. Nres
isset to 21 in this ssimulation study. It can be calculated from Equation 3.34 that the duration
of the detection transient will be approximately 0.95ms and thisis verified in Figure 7.1. The
comparison of the duration of the transient of different algorithmsis provided in Figure 7.2 (a)

and (b), where a clear reduction of the duration of the transient is observable.

Figure 7.1 Sinusoidal signal of positive sequence extracted by proposed symmetrical

components decomposition network with Nres=21
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Figure 7.2 Comparison of transient between the proposed and other algorithms

Figure 7.3 also shows that the overshot will increase with increasing Nres under a certain input
change. Following the transient error analysis in Chapter 5, one per unit step change in d-axis
or g-axis value of the positive sequence or negative sequence are made to the input signal one
by one for checking the error. The per unit IAE error indices of the estimated Vq and Vg of the
positive sequence voltage during the transient are plotted in Figure 7.4. It can be seen from the
plots, especialy from Figures 7.4 (c) and (d), that the overall performance of the decomposition

algorithm isimproved by increasing Nres.

(@ (b)
Figure 7.3 Comparison of transient of the estimated positive sequence between different Nres

(@) a.c. vaue, (b) dg value
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(© (d)

Figure. 7.4 1AE of Vg and Vq during transient caused by 1 p.u. step change of:
(a) Vu of positive sequence; (b) Vq of positive sequence;

(c) Vu of negative sequence; (d) Vg of negative sequence.

The dynamics of an SRF-PLL system are taken into consideration for further verifying the
suitability of the algorithm as part of the PLL system, which is aways needed in the
downstream (inner loop) control for providing the information for grid synchronisation such
as the grid frequency and voltage phase angle. Thisis shown in Figure 7.5 (a). As shown in
Figure 7.5 (b), the information about the grid frequency is acquired from the integral output of
the PI controller working as the loop filter in the SRF-PLL. The SRF-PLL is set to track the

positive sequence in the simulation.
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Figure 7.5 (@) Structure of symmetrical component decomposition system with PLL to track

positive sequence signal; (b) structure of SRF-PLL

By acquiring Vg and Vq of the positive sequence voltage, the SRF-PLL is sufficiently functional
to track the grid voltage. Also, asthe PLL system is able to track the frequency of the input
signals, the system is frequency-adaptive. Proper tuning of the SRF-PLL should be considered
to avoid causing oscillations. Due to the dynamics of the SRF-PLL, adlightly longer transient

is expected and shown in Figure 7.6.
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Figure 7.6 Effect of SRF-PLL dynamics on decomposition output

7.2 System initialization and start up

The system initialization is carried out with current hysteresis control discussed in Section 6.1.
The simulation study is carried out to verify the current tracking ability and the accuracy of the
grid voltage estimation. Also, different a.c. side topology e.g. three-phase three-wire or three-
phase four-wire system is simulated to verify thefilter design and system response in different

environments.

Thethree-phase four-wire a.c. topology isfirst used to verify the performance using simulation.
The coupling inductance is 10mH. The average switching frequency should not exceed alimit
of 10kHz. The sampling frequency is set to be 20kHz which would be the same sampling
frequency applied later in the experiments. d.c. voltage is set to be 413V for achieving a
modulation depth of 0.8 assuming the a.c. side is a 230V grid system. Guided by the design

procedure provided in Section 6.3.2, the small hysteresis band is set to be +0.2A.
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The purpose of deploying the initial start-up procedure is to ride-through the initial current
transient prior to synchronising to the grid voltage. The VSl system could be started with phase
error between the referenced voltage output and the desired one. The initia start-up procedure
should be able to control the current within a safety range of the power modules even if this
error is the worst case i.e. 180 degrees. The power should be controlled simultaneously
according to an estimated grid voltage. A simulation is carried out to verify the performance
of the design especially the accuracy and speed of the grid voltage estimation which is most

important to the success of the rest of the control stage.

The parameters of the system under study islisted in Table 7.1:

Parameters Values
Grid voltage 230V (RMS)
Coupling inductance 10mH
Series resistance 0.1Q
D.c. link voltage 800V
Hysteresis band 0.2A
Power reference 2000W
Sampling frequency 20kHz

Table 7.1 Parameters of the system under study

The current output waveform and is shown in the figure below. The current ripples are
controlled within the designed range to ensure that the harmonic injection is below the limit.
The system starts without observable current overshoot. However, a small transient response

is found when the PLL system is activated. Thisis due to the initial angle of the PLL system
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being very different from the actual angle of the grid voltage. This effect can be reduced by
feed-forward the angle estimated before the PLL system kicksin. Theinitial grid frequency is
assumed to be 50 Hz at the time point when the system simulation is started. The PLL system
is activated to adjust the feed-forward term of the grid frequency. It is worth mentioning that
the PLL system here is not activated for power control purpose as during the start-up, the
desired output power is guaranteed by the current reference generated using cal cul ation matrix
derived from the instantaneous power theory. But if the grid frequency varies, the dqg
components of the grid voltage become sinusoidal. This would introduce error to the voltage
estimation because of insufficient bandwidth of the Pl controller involved in the algorithm. In
this case, the PLL system becomes necessary. It can be seen in the simulation result that the
current reference laref IS Negative due to the phase error being 180 degrees. After the activation
of the PLL, thed-axisisaligned with the estimated grid voltage. The current reference becomes
grid voltage oriented thus it jumps from negative to positive value. It is also essential to
synchronise the PLL system during the start-up process to minimise the transient response

when the current control mode is switched to dg decoupled current control.

Figure 7.7 Current waveform during the initial start-up process.

142



To evaluate the impact brought to the system when activating the SRF-PLL system, an
extended analysisis provided herefrom d.c. bus capacitor voltage point of view. The mismatch
of the input and output energy across the d.c. capacitor will be the error between the output
power and its reference, which is generated according to the input power, integrated by time.
This energy variation is calculated to be approximately 8.7J (the accuracy is affected by the
switching harmonics and definition of the steady state) causing the d.c. bus voltage variation
of 3.2V if using the value of the capacitance of the experimental test rig. Theimpact onthed.c.
link capacitor will be very small. Asintroduced in Section 6.2, the a.c. side power output needs
to be controlled to balance the power generated from the generator side prior to synchronisation
to the grid as one of the important control objectives during the initial start-up of the a.c.
voltage-sensor-less system. The simulation results proved that this design objective is well
satisfied as shown in Figure 7.8. As for the current overshoot, it iswell below the limit of the

IGBT rating and the duration is very short.

Figure 7.8 Power output during the initial synchronisation process

It can be verified from Figure 7.9, that with estimated voltage shown in Figure 7.10, the current

reference can be generated to achieve unity power factor in lessthan aquarter of afundamental
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cycle and the reference output power can be reached. The effectiveness of the low-passing
characteristic of the grid voltage estimation is obvious in Figure 7.11. The estimated grid
voltage waveform is almost ripple free and exactly matches the actua grid voltage. This
ensures the quality of the control especially when the current control mode is switched from
hysteresis current control to dg decoupled current control as the error of the feed-forward grid

voltage is not desirable.

Figure 7.9 Current reference during theinitial start-up

Figure 7.10 The estimated voltage dg components
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Figure 7.11 The estimated grid voltage waveform

An FFT is carried out using Matlab to verify the actual switching frequency during the
hysteresis control, as shown in Figure 7.12. The spectrum shows that the highest peaks are
located around 9kHz which indicates the possible average switching frequency. This proves
that the hysteresis-band is well designed to regulate the switching frequency within the
permitted range. The THD is also complied with the requirement of the grid code asillustrated
in Section 1.3. However, the harmonic content is barely below the permitted range. Thisisthe
most important reason why the current control mode needs to be switched from hysteresis
current control to the proposed a.c. voltage-sensor-less current control with PWM to generate

the gate signals.
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Figure 7.12 Results of (a) the current waveform and (b) the FFT spectrum
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7.3 d.c. busvoltage control ssimulation

Verified by the smulation results shown above, the response of the active power output is
mainly subject to the bandwidth of the controller. As the d.c. bus voltage variation is a result
of the energy exchange happened between the d.c. and a.c. side of the VSI, the ability to track
the desired active power determines the ability to stabilize the d.c. bus voltage. A simulation
study is carried based on the discussion provided in Section 6.2 to provide comparison between
the response of the system under same d.c. bus voltage controller but with different current

control bandwidth. The results are shown in Figures 7.13 and 7.14.

@ (b)

Figure 7.13 Current injected when the system starts and the power flowing into the d.c. side

steps down with: (a) faster current control; (b) slower current control
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Figure 7.14 The d.c. bus voltage response

7.4 Power control behaviour and transient of the a.c. voltage-sensor -

less control

The simulation resultsfor theinitia grid voltage estimation show that the fixed-band hysteresis
current control and the proposed grid voltage estimation system are able to control the current
thus the power without ac-side voltage sensors. The advantage of a fast transient response of
the hysteresis current control iswell presented. However, it al so shows a high harmonic content
which is approaching the limit of the grid code regulation. Considering it is only going to
operate for afew fundamental cycles, this side effect can be accepted but should be improved

by using linear current control as introduced in the previous sections.

After acquiring accurate grid voltage via the initialization procedure, the ac-side voltage-

sensor-less control under PWM switching scheme can be started safely. The control algorithm
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will be tested under balanced grid conditions. But before verifying the final system design, a

few situations related to failed initial synchronisation isillustrated to provide comparison.

The initial feed-forward Vg and Vg are set different to the actual grid side to simulate the error
of the initial synchronisation. Firstly an error of Vgis made to be 50% of the nominal value
while Vq is set to be same as the grid side in order to simulate the case under an mismatch
between the amplitudes of the feed-forward and the actual grid voltage. The ssmulation results
are shown in Figures 7.15 and 7.16. Then the case Vq is set to be 86.6% of the actual value
while Vq 57.7% of the value of Vy is tested to simulate a correct estimation of the voltage
amplitude but 30 degrees of phase error. The power output during the transient stage is also
provided in the results shown in Figure 7.17. Finally the case of an accurate initia
synchronisation is provided in Figure 7.18. The parameters of the system under study islisted

in the table below, Table 7.2.

Parameters Values
Grid voltage 230V (RMS)
Grid frequency 50Hz
Coupling inductance 10mH
Series resistance 0.1Q
Target modulation depth 0.8
D.c. link voltage 800V
Power reference 3000W
Switching Frequency 10kHz

Table 7.2 Parameters of the system under study
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Figure 7.15 Waveform of the grid voltage

@ (b)

Figure 7.16 Initia current (a) and power (b) transient response of the a.c. voltage-sensor-less

current control with 50% of grid voltage amplitude feed-forward error
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Figure 7.17 Initia current (a) and power (b) transient response of the a.c. voltage-sensor-less

current control with 30 degree of grid voltage phase angle feed-forward error

@ (b)

Figure 7.18 Initial current (a) and power (b) transient response of the a.c. voltage-sensor-less

current control with accurate feed-forward grid voltage

It can be verified that the system could reach steady state without very accurate initial
synchronisation to the grid. However, the simulation results shown in Figure 7.16 and Figure
7.17 have asignificant current overshoot during thefirst few cycles. The power modules are at
arisk of being damaged by this high current. As a consequence, the power output has yielded
large transient error during the start up. The power during the transient stage undergoes some
reverse power flow whichisnot desirable at thefirst point. Thed.c. bus voltage will be affected
and at the risk of being over charged. Then the over-shoot of the power above the power

reference may be too high that it could cause the d.c. bus voltage to drop below the minimum
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required value if the output power is not regulated by the d.c. bus voltage control, then the
SPWM will be sent into the range of non-linear modulation which means the modulation depth
isabove 1.0. Low order harmonicsin this case will be significant. And the accuracy of the grid
voltage estimation will be affected, bringing uncertainty to the stability of the controller. The
comparison provided above suggests that initial synchronisation to the grid is important for

avoiding these situations thus very necessary.

In practice, the grid voltage could deviate from its nominal value while the power flowing into
the d.c. bus could vary. Therefore, the ssimulation study should take these situations into
consideration. The a.c. side voltage-sensor-less control is further tested for its power tracking

ability and voltage tracking ability.

A balanced voltage dip of the a.c. side is introduced to test the algorithm. In reality a voltage
dip below 70% will alow the connected generation to quit in 1.25 seconds according to Figure
1.6. Therefore it is important to know if the controller could reach steady state within the
required remaining connection time range otherwise it could be meaningless to control the
power as the error will not be cleared effectively. In the ssmulation study a 50% voltage dip is

provided so that the availability of the control scheme under smaller voltage dip can be verified.

In the following simulation results, a balanced grid voltage dip of 50% of its nominal valueis
applied at t=0.1 second after the control is active. In Figure 7.19, the voltage waveform is
provided. The response of the basic a.c. voltage-sensor-less control system is shown in Figure
7.20. Itisclear that the controller iswell capable of tracking such avariation of the grid voltage
as shown in Figure 7.21. In this case, the current reference generated based on the estimated
voltage therefore is able to represent the desired power output. The current response is well
damped and swift enough to track the desired power output. The current overshoot visible in

Figure 7.20 is caused by the current control error due to the feed-forward voltage discussed in
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Section 5.2.5, asimilar case to the current overshoot of a current system equipped with voltage
sensors and aslow PLL under the same grid conditions. The size of error is determined by the
parameter design of the voltage estimation stage together with dynamic decoupling stage. As
the voltage estimation stage naturally has a wider bandwidth than the current control stage
while the dynamic decoupling is aiming at restricting the high frequency components in the
estimated voltage signals, the grid voltage tracking ability thus the power tracking ability is

mainly restricted by the dynamic decoupling. However it is small enough to be neglected.

Figure 7.19 Waveform of the grid voltage

@ (b)

Figure 7.20 Current (a) and power (b) response to the a.c. voltage dip
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Figure 7.21 Estimated grid voltage V4 and Vq

The system response with slower voltage estimations is shown in Figure 7.22 to provide some
comparison. It is obvious that the system response slows down with the decreasing Pl

coefficients of the dynamic decoupling stage.

@ (b)
Figure 7.22 Current (a) and power (b) response with aslow grid voltage estimation system
Another situation could bring challenge to the performance of the system is the phase jump of
the grid side voltage. In the simulation study, a forward phase jump of 30 degreeis applied to

the grid voltage at 0.1 second after the system been activated as shown in Figure 7.23. To
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isolate the response of the proposed a.c. sensor-less current control from the response of its
outer loops, e.g. the d.c. bus voltage control and PLL, the system is simplified without
activating these controllers. Therefore this system became a linear system as described in

Section 5.4.

Figure 7.23 Waveform of the grid voltage with 30 degree phase jump

As the current control in this simulation study is not voltage oriented without PLL where the
angle of the reference frame of the control system is not locked to the grid angle. To maintain
unity power factor, the current should respond to the change of the phase angle of the grid
voltage, and its angle should be adjusted accordingly by changing the reference of Iq. The
reference for 14 should also be adjusted to maintain the total active power output to be the

desired value. The current and power response are shown in Figure 7.24.
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Figure 7.24 Current (a) and power (b) response under 30 degree grid voltage phase jump
The simulation results have now verified the validity of the proposed voltage-sensor-less
current control under grid voltage phase jump. The current injected is adjusted according to the
estimated grid voltage which is accurately tracking the actual grid voltage. The current
response to the voltage phase jump is within a desired range of current values without visible
current overshoot. This ensures the safety of the power modules. With accurate estimation of
the grid voltage, the power is able to be recover to its reference value. In Figure 7.25, the Vqg
and Vq are referred to the angle of the angular reference of the system reference frame before
the phase jump. It can be verified that the voltage estimation is swift which ensures the smooth
current response and the fast power output recovery. The current is in phase with its phase
voltage at steady state which is shown in Figure 7.26. These simulation results suggest that
without physical inertia, the VSI system is more capable of dealing with phase jump of the

mains voltage compared to the actual generators.
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Figure 7.25 Estimated grid dg components comparing to the actual values

Figure 7.26 Phase A current and the phase voltage before and after phase jump

To test the power tracking ability, a step change of the power reference is applied. The system

starts with a reference power output of 3kW. At 0.1 second, the output power reference rises
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to 5kW. The current response and the real power at the PCC is recorded and plotted as shown

in Figure 7.27.

Two points should be verified by this ssmulation study. Firstly, is the stability of the system
guaranteed if the power reference which determines the working point of the system step-
changes? Secondly, is the system able to track the changed power reference in a reasonable
amount of time? Thirdly, will error be introduced to the grid voltage estimation if the current
injected which isthe input to the grid voltage estimation system changes while the grid voltage

remain the same?

@ (b)
Figure 7.27 Current (a) and power (b) response to a reference power step change
The results show that although the grid voltage is estimated based on the output voltage of the
VS| and the current response, the wider bandwidth of the grid voltage estimation alows the
grid voltage to be tracked accurately without being interfered by the change of the working
point of the system. The system performance therefore is subjective to the performance of the
current control stage. A settling time of 30msis approximately achieving which isagood match

to the design objective.
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7.5 Inverter operation under unbalanced grid voltage

The proposed a.c. side voltage-sensor-less control operating under unbalanced grid voltage is
then tested. The effectiveness of the new symmetrical component decomposition method on

the current control is evaluated in this section.

The new symmetrical component decomposition method has its advantage in term of faster
response. It is proposed to shorten the time spent on generating accurate current reference for
power control if it is applied to a conventional current control system during unbalanced grid
conditions. This effect is firstly verified. The comparison is made between the proposed
symmetrical component decomposition method and other methods in the dq reference frame.

The parameters of the L filter and other components are listed in Table 7.3:

Parameters Values
Grid voltage 230V (RMYS)
Grid frequency 50Hz
Coupling inductance 10mH
Series resistance 0.1Q
Target modulation depth 0.8
Power reference 3000W
Switching Frequency 10kHz

Table 7.3 Parameters of system under study

The waveform of the a.c. side voltage is shown in Figure 7.28. The single phase voltage dip
is applied and Phase C voltage is dropped to 50% of its nominal value. The control objective
isto inject negative sequence current to balanced the power output on three phases. The
current response is shown in Figure 7.29 (a). The output power is constant, verified by Figure
7.29 (b).
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Figure 7.28 Grid voltage with single phase voltage dip

(@) (b)

Figure 7.29 Response of the current control equipped with voltage sensors and using new
proposed symmetrical components decomposition method against single phase voltage dip:
(@) current waveform; (b) output power at PCC
Another simulation is carried out to provide comparison using conventional notch-filtering
method to decompose symmetrical components. Same current control parameters, grid voltage
and single phase voltage dip are applied. The current and power response is shown in Figure
7.30. By comparing response shown in Figure 7.29 and Figure 7.30. The symmetrica

component decomposition method proposed in thisresearch haslittle effect on system damping
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asthe delay introduced in much smaller than the conventional method thus more suitable to be

applied to the a.c. voltage-sensor-less control system.

@ (b)

Figure 7.30 Response of the current control equipped with voltage sensors and using notch
filter to decompose symmetrical components against single phase voltage dip:
(@) current waveform; (b) power output at PCC
The ssimulation of the proposed a.c. voltage-sensor-less control is carried out. The control
strategy isfirst select to be the balanced current strategy. The a.c. side voltageis still the same
as shown in Figure 7.28. The three phase current during the voltage dip is shown in Figure
7.31. Asintroduced in Chapter 4, the current control objective could vary depending on the
configuration and roll of the VSI. The constant current strategy aims at a balanced utilization
of the power modules on each phase. The negative sequence current is not desired for causing
unbalanced current output on different phases. Therefore, the current reference for positive
sequence is generated based on the estimated grid-side voltage to keep the desired average
power output shown in Figure 7.32 (&), while the current reference for negative sequence is
kept O regardless what the negative sequence voltageis as shownin Figure 7.32 (b). The power
of negative sequence will be absorbed by the d.c. link capacitor. The relevant voltage control

thereforeis disabled.
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Figure 7.31 Current response to single phase voltage dip aiming at balanced current

The system is assumed to be starting up with accurate initial grid synchronisation achieved.
The current response reaches its steady state with in three fundamental cycles after start. It is
slower than the simulation result shown in 6.25 due to the band-width of the system isrestricted
for avoiding interference between controllers of the positive and negative sequence. The
current response in term of 14 and Iq shown in Figure 6.32 indicates that the slower responseis
mainly caused by the reduced bandwidth of the current control stage. The voltage estimation
is swift enough to reach steady state within one fundamental period which can be verified by
inspecting the curves of the current reference while the actual current takes time to settle. As
the current reference for negative sequence is set to zero, the current is still balanced during

the single phase voltage dip.
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Figure 7.32 |4 and |4 responding to the single phase voltage dip,

(a) positive sequence; (b) negative sequence

It can be verified from Figure 7.33 that the power of the negative sequence during the
unbalanced fault causes a 100Hz oscillation on the output power which will affect the d.c. link
voltage. The amplitude of the oscillation isrelated to the current output of the positive sequence

and the voltage of the negative sequence as introduced in Chapter 4. The average power output

iskept 3kW asits reference.

Figure 7.33 Active power output measured at PCC
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Another control objective associated with unbalanced grid fault-ride-through is to compensate
the active power oscillation by injecting negative sequence current. The current reference can
be generated using Equation 4.18 with Qo, P2nd and Qznd to be 0. During the single phase voltage
dip, the current is also unbalanced. The current references are generated according to the
voltage of positive and negative sequence respectively as shown in Figure 7.35. After the fault
cleared, the current returns to balance as normal. The three phase current waveform is shown
in Figure 7.34. The power output is plotted and shown in Figure 7.36. It can be verified that
after ashort transient stage of approximate two and half fundamental cycles, the power output
is returned to its reference value and constant. The d.c. bus voltage will not be affected active

power oscillation in this case.

Figure 7.34 Current response to the single phase voltage dip aiming at constant power
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Figure 7.35 |4 and |4 response to the single phase voltage dip,

(a) positive sequence; (b) negative sequence

Figure 7.36 Active power measured at PCC
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7.6 Chapter summary

This chapter presents simulated case studies to check or verify the proposed control scheme
and controller design. The initial start-up and synchronisation to the grid, the steady state
operation under balanced grid voltage and the system performance during an unbalanced
voltage dip are investigated. The initial start-up processis able to regulate the current injected
without synchronisation to the grid. Thisfeature is highly desirable to ensure the safety of the
power modules. The transient response of the grid voltage estimation during the start-up
process is swift enough to minimise the use of the hysteresis current control and its harmful
effect of harmonic injection. The steady-state operation of the a.c. voltage-sensor-less current
control with PWM output is proved to be able to track the grid voltage variation while keeping
the desired power output in a swift manner. The newly design symmetrica component
decomposition algorithm is able to be adopted by the a.c. voltage-sensor-less controller, and

plays avita rolein riding-through unbalanced grid fault.

The simulation results has verified the design objective is able to be reached, given the suitable
conditions such as sufficient d.c. bus voltage, and well-tuned control parameters. The system

can be further verified by experiments.
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Chapter 8 Experiment Set-up and Experimental Result Analysis

8.1 Experimental test rig set up

An experimental test rig isbuilt to validate the proposed system design and simulation studies.
The performance of the proposed system under unbalanced grid voltage is tested based on
different power control objectives and the the newly designed symmetrical component

decomposition algorithm in the real application is validated in closed-1oop.

A Cinergia GE grid emulator shown in Figure 8.1 isutilized for itsfour quadrant power control
capability. With an isolation transformer, the power can be fed into the GE from the inverter

under test.

AC power
supply

Isolation
trasformer
Cinergia GE

Figure 8.1 A.c. side power voltage source of experiment test rig
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The VS| under test is powered from a controllable d.c. voltage source as shown in Figure 8.2

The d.c. voltage is set by this device and due to this reason, the d.c. voltage control discussed

in the Chapter 6 is not actually deployed in the experiment.

Figure 8.2 D.c. power source

The inverter board shown in Figure 8.3 is contained in a protective casing as shown in Figure
8.4 to isolate the high voltage and power circuit from the outside environment. The filtering

inductor and dSpace interface component is also placed in the protective casing as shown in

Figure 8.4.
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Figure 8.3 Inverter board

Dspace 1103

Fuse

Converter
module

Filtering
inductor

Figure 8.4 Converter Board mounting and casing
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8.2 Experiment results

8.2.1 Start-up and initial synchronisation

The capability of the VSI to start-up from zero condition and get synchronised to the grid is
first tested and verified. As introduced in Chapter 6, the current control during start-up is
carried out by a hysteresis current controller to restrict the current overshoot. The grid voltage
should be estimated during this process in order to provide feed-forward signal to the a.c.
voltage-sensor-less current control discussed in Chapter 5. The power is controlled during the
process to avoid reversed power flow to ensure the safety of the d.c. voltage source. The unity
power factor should be achieved, the same as in steady state operation. The relevant

experimental results are presented below.

The control starts at a random time point to emulate what is going to happen in reality. Also,
the a.c. grid voltage is set to be 49.9Hz but not ideally 50Hz to emulate the case in reality
considering afrequency variation. The a.c. voltage contains harmonics as shown in Figure 8.8,
which is good for emulating the real environment. The ac. side voltage is sampled for
providing comparison but not used in any of the control stage. As shown in Figures 8.5~8.10,
the system starts at time 7.44s. The measured dq value of the a.c. side voltage shown in Figure
8.5 isabtained through a dq transformation using the output angle of the PLL system. The PLL
system has no input to track the phase angle and frequency of the a.c. voltage before the system
starts. Therefore the dq values of the a.c. voltage are changing over time before the system
starts due to the mismatch between the PLL frequency and actual a.c. frequency. After the
current control is activated, the grid voltage is estimated based on the output voltage and the
current injected. It can be verified from Figure 8.6 that the grid voltage is quickly reaching its
true value. The duration of the transient is less than three fundamental cycles which is agood

match to the simulation result provided in Section 7.2.

170



— Measured Vd L

— Measured Vq

3 | 5 5 — Estimated Vd
80~ T7 System B I - 73 7777777777777777 ii _ Estimated Vq [
i start \bl i i
60~ T’ : T "| T ‘q '\ AR AR AT ”m “\ M Wp I VH N w‘
| I |
— A i frr S 7
2 : | :
> 0 O S S -
| | |
| I
0 ‘ | MWWWWWM i
: | l : :
20 L . I -
i I i
6.5 7 7.5 8 8.5
Time (s)

Figure 8.6 Estimated grid voltage dg components

Asthe PLL system will be locking the phase angle of the grid voltage, in the steady state, Vq
will be zero and thisis shown in Figure 8.5 and Figure 8.6 for both the measured and estimated
dq values of the a.c. voltage. The accuracy of the voltage estimation is mainly presented by Va.
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A scaled view of the measured and estimated Vg are shown in Figure 8.7 to provide detailed
comparison. It isfound that the estimated Vq is slightly larger than the real value. Thisis due
to the parameter change of the filter associated with the temperature rise during operation. The
error of the estimation is found to be small enough comparing to the value of the signal. It can
also be verified from later results that such a small error in the feed-forward signal will not
cause big problem. Further, as the power is controlled by 14 whose reference is generated by
the desired power and Vg, the error will only causing the output power mismatching the desired
power output which should be automatically corrected by the closed-loop d.c. voltage control.

Thusthis error is accepted.
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Figure 8.7 Comparison between measured and estimated grid voltage

The current response during the start-up process is shown in Figure 8.9. It can be verified that
the current response is smooth without any overshoot, which is desired for protecting the
devices from damaging. In Figure 8.10, the phase current and a.c. voltage are plotted together
to show that the current isindeed in phase with the voltage, proving that the unity power factor
is reached.
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Figure 8.10 Scaled view of the phase current and voltage

The objectives of designing the start-up process are all reached, verified by the experimental
results provided in this section. The a.c. voltage-sensor-less current control therefore can be

deployed safely utilizing the initial synchronisation acquired by the start-up.

8.2.2 A.c. voltage-sensor-less current control under balanced grid voltage

The a.c. side voltage-sensor-less current control is able to be deployed after obtaining accurate
grid synchronisation. To further verify the necessity of deploying theinitial start-up procedure,
a scaled experiment is carried out to show the effect of incorrect initial grid synchronisation.
Figure 8.11 shows the initia current response with good grid synchronisation and Figure 8.12
provides comparison with the case of incorrect grid synchronisation. It can be verified the
current overshoot shown isFigure 8.12 isamost twice the amplitude of the steady state current.

It can be very hazardous to the power modules in high voltage/power situation.
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Figure 8.11 Initial current response with accurate grid synchronisation
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Figure 8.12 Initial current response without accurate grid synchronisation
The fundamental part of the control system as shown in Figure 8.13, including the current
controller, grid voltage observer and the dynamic decouple stage needs to be verified for its

basic current controllability e.g. balanced grid. The symmetrical components decomposition
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system as well as the controller for negative phase sequence are excluded at this moment as
they are not necessary for controlling the current under balanced grid voltage. The relevant test

will be reported later.
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Figure 8.13: The control system put into experiment
The proposed a.c. voltage-sensor-less system isfirstly verified with alow power experiment to
ensure the stability under the parameter design. The voltage of the a.c. sideisal so reduced from
thenominal valuefor system protection. Asalinear system, the proposed control system should
have the same performance regardless the different scale of input, thereforeit isvalid to predict
the system performance under higher power and voltage levels. The system parameters are

listed in Table 8.1.

The steady state current is shown in Figure 8.14. Two aspects should be addressed and
explained. Firstly, the switching of the power electronic devices should cause harmonic ripples
in the current waveform but the shown current waveform is apparently ripple free. Thisis due
to that the data is sampled at the same frequency as the switching frequency. According to
Nyquist theory, the switching harmonics are of too high frequency to be sampled thus not
visible in the waveform. Secondly, there is a noticeable level of unbaance in the current
waveform. This is due to the three phase filtering inductors actually have somewhat different

parameters. For a balanced output voltage at the VSI terminals and an equally balanced a.c.
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side voltage, the unbalanced phase impedance would cause such an unbalanced current
waveform. The unbalanced current can be compensated by activating the negative sequence
current controller as what is to be used in the experiment described in Section 8.2.3. In that
case, the estimated voltage of the positive sequence will be different from the a.c. voltage that

the grid emulator provides, which affects the accuracy of the power control.

Parameters Values
Grid voltage 30V (Peak Vaue)
Coupling inductance 10mH
Series resistance 0.1Q
d.c. voltage 60V
d.c. capacitance 800uF
Power reference 100W
Sampling frequency 10kHz

Table 8.1: System parameters for scaled low power test

Figure 8.14 Steady state current
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The system stability is further verified by the system response under a step change of the a.c.
side voltage. The a.c. side voltage is reduced to half of its original value, the controller should
be able to track the step change of the a.c. voltage. The current is expected to respond without
high overshoot in order to ensure the safety of the power modules and keep the power output

at the sametime.

In Figure 8.15, the voltage dip is clearly visible around t=0.06s. The current response shown
in Figure 8.16 hasasmall overshoot and reaches steady statein one cycle. The current reference
rises as shown in Figure 8.17 to compensate the effect of voltage dip on the power output and
the current is controlled to track the current reference. The a.c. voltage estimated shown in
Figure 8.18 isfollowing the actual voltage. To clarify, the distorted a.c. side voltage waveform
shown in Figure 8.15 is caused by noises affecting the voltage sensors, the actua a.c. voltage
does not contain the large spikes shown in the waveform, and the quality of thea.c. sidevoltage

issimilar to the voltage waveform shown in Figure 8.8.

Figure 8.15 Measured three phase voltage of the a.c. side
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Figure 8.16 Three phase currents

Figure 8.17 Current dg components tracking their reference
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Figure 8.18 Estimated a.c. side voltage dg components

The output power is calculated at the PCC. From Figure 8.19, it can be found that the output
power is not reaching the reference value of 30W; the power is not directly subject to closed-
loop control. There are four possible causes of this result. Firstly, the actual parameters of the
filtering inductor can be different from its rated value due to manufacturing. The accuracy of
the estimation of thea.c. voltage relies on the accurate parameters of thefilter. If the parameters
are inaccurate, the current reference will not be generated correctly for the desired power.
Secondly, during operation, the heat loss will cause the resistance of the inductor to rise. This
can aso cause the parameter of the filtering inductor to change from the value used to estimate
a.c. voltage. Third, the non-ideal characteristic of the power electronic devices, especialy the
internal resistance and voltage drop across the semiconductors could cause such an error as
they are not modelled in the grid voltage estimation algorithm. The non-ideal characteristic
will cause a voltage drop across the semiconductors and the consequence is that the actual

output voltage deviate from the voltage reference that the controller yields. Fourth, as discussed
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earlier in this section, the filter of the three phases are not ideally balanced. Therefore, the

estimation of the grid voltage could contain error.

The first, second and fourth reason to cause the power output error can be solved by carefully
selecting components and introduce better cooling. For the third cause of the problem, it is
known that the output voltage of the VSI will be smaller than the one used for calculating the
grid side voltage which results in the estimated grid voltage larger than its true value. This
effect will decrease if higher a.c. side voltage levelsis applied as the output voltage of the VSI
will increase with the grid voltage for the same power output. The voltage drop will count for
a smaller proportion of the total output voltage which reduces its effect on the error of the
output power. To totally eliminate the error caused by the conduction loss, a solution would be
compensating the voltage drop from the controller side to make the actual output match the
voltage reference generated by the controller. As the simulation result with a parameter
mismatch shows a smaller error than in the experiment, the experiment result shown should
have the power output error being caused by several of the factors discussed above. And due
to the fact that the error increases with the current output, the dominant reason would be the

reasons associated with heat 1oss thus the second and fourth reasons.

In real applications, the d.c. bus voltage should have been controlled by an additional
controller. The error of the real power output would be reflected from the d.c. side power thus
the voltage as discussed in Section 6.2. The power reference will be adjusted accordingly to
balance the input and output power of the VSI however this process is not presented in the
experimental result dueto that the d.c. side voltage is controlled by the d.c. power source other

than the VSI.
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Figure 8.19 Output power at PCC

The high voltage test of the proposed sensor-less current control will be deployed together with

the unbalanced voltage dip and detailed in the next section.

8.2.3 Unbalanced grid voltage

The proposed system will be tested under unbalanced grid voltage. The symmetrical
component decomposition system as well as the controller for the negative phase sequenceis
activeinthistest. The experiment is carried out to verify the capability of the proposed control
system to reach the control objective of injecting balanced (smooth) three phase power under
unbalanced grid voltage. The current reference for the positive and negative sequence is

generated using Equation 4.20. The structure of the control system is shown in Figure 8.18.
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Figure 8.20 Control system structure under test

A voltage dip on phase A is applied and the current response and key parameters during the
transient is recorded as follows. The current response shown in Figure 8.21 is compared with
the simulation results shown in 8.22. The results shows good agreement between each other.
The detailed control actions are shown in Figure 8.23, 8.24 and 8.25. At the time point when
the single phase voltage dip is applied, the positive sequence voltage drops while the negative
sequenceis built up. The voltage-sensor-less current control is able to track such variation. An
accurate estimation of the symmetrical components of the grid voltage is acquired with in two
fundamental cycles. The current reference is adjusted accordingly to compensate the reduction
in the power output. In Figure 8.24 and 8.25, the current reference for positive sequence is

rising while a negative sequence current is calculated to achieve a constant power output.
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Figure 8.21 Current sampled during experiment

Figure 8.22 Current response during unbalanced fault from simulation
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Figure 8.23 Estimated symmetrica components of the grid voltage

Figure 8.24 The positive sequence current dg-components tracking their reference
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Figure 8.25 The negative sequence current dg-components tracking their reference
Another experiment is carried out to verify the capability of the proposed control system to
reach the control objective of injecting balanced three phase current. The negative sequence
current is not desired thus its references are kept at zero. From Figure 8.26, the output current
waveform of this control strategy is well balanced. The unbalanced current output shown in

Figure 8.14 of the previous experiment due to unbalanced line impedance is eliminated.

The system structure of this control strategy and tuning are the same as the one for injecting
balanced three phase power. The only difference is that only the positive sequence current is
adjusted with the a.c. voltage while negative sequence current iskept zero. The system response
should show the same pattern as in the scaled experiment described above. A 110V high a.c.
voltagetest is put into practice and the transient current response is shown in Figure 8.27. The
current response when the voltage is back to normal is shown in Figure 8.28. The balanced
power strategy is also tested in the high voltage test, the transient current response is shown in

Figure 8.29.
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Figure 8.26 Steady state current of proposed system

Figure 8.27 Current control transient response at a single phase voltage dip and injecting

bal anced three phase current
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Figure 8.28 Current control transient response when the single phase voltage dip is cleared

Figure 8.29 Current transient response at single phase voltage dip and injection balanced
three phase power
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8.3 Chapter summary

A test rig is built with necessary safety measures to carry out the experimenta test. The
following aspects of the proposed current control system is verified through the data obtained

from the experiments:

The ability of start from zero state and obtain grid synchronisation safely;

The ability to track the voltage variation of the a.c. side;

The ability to control the power and maintain stability during grid voltage dips;

The performance on restricting the harmonic injection.

The start-up processisfirstly tested and shown to yield satisfactory results. The information of
the a.c. side voltage is acquired and the system response is swift. The system response in the
experiment is agood match to the simulation results. Due to the nature of the hysteresis current
control, relatively large harmonic injection is visible. However it can be verified the grid
synchronisation can be acquired within two fundamental cycles. Then the hysteresis control

will stop and PWM kicks in so that the harmonic injection won’'t cause big problems.

The harmful effect of starting the a.c. voltage-sensor-less control without synchronising to the
grid is verified using scaled experiments. The current overshoot is large enough to damage the
power modules if the voltage and power is at its normal scale. This shows the importance of

carrying out the start-up procedure.

The grid voltage tracking ability of the a.c. voltage-sensor-less control is tested for different
types of voltage dips. The results show, with the aid from the symmetrica component
decomposition system, both the balanced and unbalanced voltage dips can be tracked. The
current reference can be generated according to the grid voltage to reach desired power output

under different control objectives. Also, the experimental results show good match to the
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simulation results. Since the ssimulation result shows an improved transient performance after
adopting the symmetrical component decomposition algorithm, it is reasonable to believe that

the performance of VSIsin real world be improved by the proposed algorithms.
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Chapter 9 Conclusion and Future Work

The proposed a.c. voltage-sensor-less current control for the grid connected VSl is presented
and verified by the results provided in Chapters 7 and 8. The current control assisted by the
newly designed symmetrical component decomposition method is a generic control system
with some desirable features. The important rationales behind the design procedure are

summarized in this chapter to conclude the research.

9.1 Conclusions

Before tuning the controller, the limits on the operation of the grid connected VSI and its
available digital controller are common issues when designing the system. Firstly, the PWM
process should be considered. The switching frequency should be selected based on the
acceptable power loss due to switching and capability of the heat dispatching. This should
require to limit the maximum switching frequency. On contrast, for small applications located
domestically, the switching frequency should be high enough to exceed the audible frequency
range to avoid being heard. Therefore the selection varies with different applications. The
maximum sampling frequency is decided by the digital processor and the complexity of the
control algorithm. In some research, high sampling frequency is required which is highly
undesirablein designing apractical system. To reduce the cost of the digital processor applied,

alow computational burden is always favoured.

The dg-decoupled current control is selected to carry out the current control because the

maturity of this control method. The analysis and performance are well established in the
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research and applications during the last few years. This facilitates the coding when the

proposed control algorithm is to be considered in practical applications.

For tuning the dg-decoupled current control, although the swift control response is aways
desirable as a control objective, severa aspects in redlity influence the applicable decisions.
The band-width of the controller should not exceed half of the switching frequency at most
constrained by the PWM process that is incapable to control the higher frequency component
beyond half of its switching frequency. The sampling frequency isasimilar factor which should
be treated equally but usually ignored as it is at least equal to or higher than the switching
frequency in most of the cases. Then the current controller should be tuned according to the
symmetrical component decomposition available to ensure the system performance and
stability. These factors are all independent from the current control system design and being
well defined by their own restrictions. Once these restrictions are clear, the current controller

can be tuned and should be tuned as swift as possible.

The symmetrical component decomposition algorithm is needed in the case of the unbal anced
grid voltage. Otherwise the current and power control loops will be affected by the unbalanced
voltage and cause many undesired interaction and even instability of the system. The
symmetrical component decomposition algorithm will introduce delay into the control system
and thisismodelled in Chapter 5, whose effect could affect the selection of the current control
bandwidth. To minimise the delay introduced by the symmetrica component decomposition
algorithm, a newly designed algorithm with accelerated response is put into use. The delay
introduced is obviously smaller than that introduced by other decomposition methods and the
simulation and experimental results verified the robustness of the current control system. By
using the new decomposition method, the current controller is tuned with a bigger bandwidth

which improves the performance of the overall system. The integral of the absolute error is

192



used to evaluate the performance. The control error during the transient response is directly

linked to this error thus smaller error means better control accuracy.

The signals needed to operate the conventional dg-decoupled current control, such as the
current reference, dq axis current feedback and grid voltage are till needed but the
measurement of the grid voltage is replaced by a voltage estimation system proposed in this
study. The current reference is generated using the estimated grid voltage. The effectiveness
has been proven to be similar to the conventional dg-decoupled control with a delay in the
voltage measurement. Considering that if the unbalanced grid fault-ride-through is required,
the symmetrical component decomposition algorithm will also introduce such a delay. In the
voltage-sensor-less current control, the symmetrical components of the grid voltage are
estimated independently and thus no additional symmetrical component decomposition is
needed for the grid voltage. Therefore the response of the voltage-sensor-less system doesn’t
deteriorate from those equipped with voltage sensors. Even better, the low-pass filtering
characteristic of the grid voltage estimation system reduced the high order harmonic
components which need to be filtered out, using anti-aliasing filters, in conventional current
control systems. Another benefit from this arrangement isthat a conventional SRF-PLL can be
used to track the phase angle of the positive sequence grid voltage component without adding
any other algorithms to deal with unbalanced signals. Therefore the tuning process for
optimisation of the response of the PLL system together with the symmetrical component

decomposition algorithm is not necessary and the design is consequently simplified.

In summary, the presented research achieved several improvement comparing to the

conventional system, listed as following:

e Thecurrent overshoot at start-up is eliminated while output power is controlled.
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e A dq reference frame based a.c. voltage-sensor-less current control system capable of
riding-through unbalanced grid fault is devel oped.
e Thetransient response isimproved using the newly designed symmetrical component

decomposition system.

9.2 Futurework

Although the newly designed symmetrica components decomposition method has the
advantage of introducing less delays, there is still the need to expand it in order to deal with
more harmonic components in the voltage. The utilisation of the mechanism would also alow
other harmonics to be separated with reduced delays. The mutua relationship of the
characteristic harmonics, i.e. the 5" and 7" harmonic usually form 6 harmonic on dq axes,

should be utilised to optimise the performance and reduce the complexity of the method.

The a.c. voltage-sensor-less current controller can be improved by developing methods to
decouple the transient response of the controller of the positive and negative sequences. Then

oscillation will be reduced and the steady state can be reached more quickly.

194



Reference

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

S.Lai,H.Yang, Y.Da andL. Han,"A model for CO2 emission tax and the government
control in electric power supply Chain,"” Transmission & Distribution Conference &
Exposition: Asia and Pacific, 2009, Seoul, 2009, pp. 1-4.

S. Rebennack, N. A. lliadis, M. V. F. Pereiraand P. M. Pardalos, "Electricity and CO2
emissions system prices modeling and optimization," PowerTech, 2009 |EEE
Bucharest, Bucharest, 2009, pp. 1-6.

I. Kockar, D. Papadaskalopoulos, G. Strbac, D. Pudjianto, S. Galloway and G. Burt,
"Dynamic pricing in highly distributed power systems of the future,” 2011 | EEE Power
and Energy Society General Meeting, San Diego, CA, 2011, pp. 1-4.

M. Noori, M. Kucukvar and O. Tatari, "Environmental footprint analysis of on-shore
and off-shore wind energy technologies," Sustainable Systems and Technology (1SSST),
2012 |EEE International Symposium on, Boston, MA, 2012, pp. 1-1.

UK Parliamentary Office of Science and Technology, Carbon Footprint of Electricity
Generation, Postnote Update, No. 383, June 2011

B. Roossien, M. Hommelberg, C. Warmer, K. Kok and J. W. Turkstra, "Virtua power
plant field experiment using 10 micro-CHP units at consumer premises,” SmartGrids
for Distribution, 2008. IET-CIRED. CIRED Seminar, Frankfurt, 2008, pp. 1-4.

A. K. Basu, S. Chowdhury and S. P. Chowdhury, " Strategic deployment of CHP-based
distributed energy resourcesin microgrids,” Power & Energy Society General Meeting,
2009. PES'09. |IEEE, Calgary, AB, 2009, pp. 1-6.

X. Duan and M. A. Redfern, "The value of PV electricity generation for domestic
propertiesin the West of England,” Power Engineering Conference (UPEC), 2014 49th

International Universities, Cluj-Napoca, 2014, pp. 1-5.

195



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

R. S. Adhikari, M. Buzzetti and S. Magelli, "Solar photovoltaic and thermal systems
for electricity generation, space heating and domestic hot water in a residential
building," Clean Electrical Power (ICCEP), 2011 International Conference on, Ischia,
2011, pp. 461-465.

Y. Ikeda, T. Ikegami, K. Kataoka and K. Ogimoto, "A unit commitment model with
demand response for the integration of renewable energies,” 2012 IEEE Power and
Energy Society General Meeting, San Diego, CA, 2012, pp. 1-7.

N. Jenkins, J.B. Ekanayake and G. Strbac, “Electrical Network Generation History,”
Distributed Generation vol. 1. London, United Kingdom: The Institution of
Engineering and Technology, 2010.

Z. We, Y. Yuan, X. Lei, H. Wang, G. Sun and Y. Sun, "Direct-Current Predictive
Control Strategy for Inhibiting Commutation Failure in HVDC Converter," in IEEE
Transactions on Power Systems, vol. 29, no. 5, pp. 2409-2417, Sept. 2014.

Q. Hao and B. T. Ooai, "Tap for Classical HVDC Based on Multilevel Current-Source
Inverters,” in |EEE Transactions on Power Déelivery, vol. 25, no. 4, pp. 2626-2632, Oct.
2010.

S. P. Engdl, M. Stieneker, N. Soltau, S. Rabiee, H. Stagge and R. W. De Doncker,
"Comparison of the Modular Multilevel DC Converter and the Dual-Active Bridge
Converter for Power Conversion in HVDC and MVDC Grids," in IEEE Transactions
on Power Electronics, vol. 30, no. 1, pp. 124-137, Jan. 2015.

R. Feldman et al., "A Hybrid Modular Multilevel Voltage Source Converter for HYDC
Power Transmission,” in IEEE Transactions on Industry Applications, vol. 49, no. 4,
pp. 1577-1588, July-Aug. 2013.

P. Flores, J. Dixon, M. Ortuzar, R. Carmi, P. Barriuso and L. Moran, "Static Var

Compensator and Active Power Filter With Power Injection Capability, Using 27-Level

196



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Inverters and Photovoltaic Cells," in IEEE Transactions on Industrial Electronics, vol.
56, no. 1, pp. 130-138, Jan. 2009.

Po-Tai Cheng, S. Bhattacharya and D. M. Divan, "Application of dominant harmonic
active filter system with 12 pulse nonlinear loads,” in IEEE Transactions on Power
Delivery, vol. 14, no. 2, pp. 642-647, Apr 1999.

Bhuvaneswari and M. G. Nair, "Design, Simulation, and Anaog Circuit
Implementation of a Three-Phase Shunt Active Filter Using the Icos¢ Algorithm,"”
in |EEE Transactions on Power Delivery, vol. 23, no. 2, pp. 1222-1235, April 2008.
Akagi H., "Trends in active power line conditioners,” IEEE Trans. on Power
Electronics, Vol. 9, No. 3, 1994, pp263-268

L. Jang, J. X. Jn and X. Y. Chen, "Fully Controlled Hybrid Bridge Type
Superconducting Fault Current Limiter,” inlEEE Transactions on Applied
Superconductivity, vol. 24, no. 5, pp. 1-5, Oct. 2014.

Higorani N.G., Introducing Custom Power, IEEE Spectrum, June 1995, pp41-48
Rocabert J., Luna A., Blaabjerg F. and Rodriguez P., Control of power convertersin
AC microgrids, IEEE Trans. on Power Electronics, Vol. 27, No. 11, 2012, pp4734-
4749

Ahmed M.M.R., Putrus G.A., Ran L. and Penlington R. “Development of a Prototype
Solid-State Fault Current Limiting and Interrupting Device for Low Voltage
Distribution Networks,” IEEE Trans. on Power Delivery, Vol. 21, No. 4, October 2006,
pp1997-2005

C. H. Ng, M. A. Parker, L. Ran, J. R. Bumbay and E. Spooner, "Analysis of The DC
link Capacitance Requirement in High Level MCVSI," Proceedings of the 41st
International Universities Power Engineering Conference, Newcastle upon Tyne,

2006, pp. 103-107.

197



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

A. Yazdani and R. Iravani, "A unified dynamic model and control for the voltage-
sourced converter under unbalanced grid conditions,” in IEEE Transactions on Power
Delivery, vol. 21, no. 3, pp. 1620-1629, July 2006.

J. Hu and Y. He, "Modeling and Control of Grid-Connected Voltage-Sourced
Converters Under Generalized Unbalanced Operation Conditions,” inlEEE
Transactions on Energy Conversion, vol. 23, no. 3, pp. 903-913, Sept. 2008.

F. O. Resende and J. A. P. Lopes, "Evaluating the performance of external fault ride-
through solutions used in wind farms with fixed speed induction generators when facing
unbalanced faults," Power Tech, 2009 |EEE Bucharest, Bucharest, 2009, pp. 1-6.

J. Miret, M. Castilla, A. Camacho, L. G. d. Vicufiaand J. Matas, "Control Scheme for
Photovoltaic Three-Phase Inverters to Minimize Peak Currents During Unbalanced
Grid-Voltage Sags," in IEEE Transactions on Power Electronics, vol. 27, no. 10, pp.
4262-4271, Oct. 2012.

Energy Network Association, “Engineering Recommendation G85”, in Innovation
Good Practice Guide for Energy Networks, London, 2007.

IEEE Recommended Practices and Requirements for Harmonic Control in Electrical
Power Systems, in IEEE Sd 519-1992 , val., no., pp.1-112, April 9 1993

Ng CH, Ran L and Bumby JR, "Unbalanced Grid Fault Ride-through Control for a
Wind Turbine Inverter, " IEEE Trans. on Industry Applications, Vol. 44, No. 3, 2008,
pp845-856

Liao Y, Ran L, Putrus GA and Smith KS, "Harmonic Transfer from the Rotor to Stator
Sides in a Doubly-fed Induction Generator with Harmonic Induced Speed Ripple, "
|[EEE Trans. on Energy Conversion, Vol. 18, No. 4, December 2003, pp508-515
Krause PC, Wasynczuk O and Sudhoff SD, Analysis of Electric Machinery. New Y ork:

|EEE Press, 1995, pp211-267

198



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

WFPS1, Wind Farm Power Station Grid Code Provisions, ESB National Grid, Irish
TS0, 2007.

Kundur P: Power system stability and control, McGraw-Hill, 1994, pp335-337

Dawei Xiang, Li Ran, P. J. Tavner and S. Yang, "Control of a doubly fed induction
generator in a wind turbine during grid fault ride-through,” in IEEE Transactions on
Energy Conversion, vol. 21, no. 3, pp. 652-662, Sept. 2006.

M. A. Parker, L. Ranand S. J. Finney, "Distributed Control of aFault-Tolerant Modul ar
Multilevel Inverter for Direct-Drive Wind Turbine Grid Interfacing,” inlEEE
Transactions on Industrial Electronics, vol. 60, no. 2, pp. 509-522, Feb. 2013.

L. J. Borle, M. S. Dymond and C. V. Nayar, "Development and testing of a 20-kW grid
interactive photovoltaic power conditioning system in Western Australia," in IEEE
Transactions on Industry Applications, vol. 33, no. 2, pp. 502-508, Mar/Apr 1997.

P. G. Barbosa, L. G. B. Rolim, E. H. Watanabe and R. Hanitsch, "Control strategy for
grid-connected DC-AC converters with load power factor correction,” inlEE
Proceedings - Generation, Transmission and Distribution, vol. 145, no. 5, pp. 487-491,
Sep 1998.

Z. Chen and E. Spooner, "V oltage source invertersfor high-power, variable-voltage DC
power sources,”" in |EE Proceedings - Generation, Transmission and Distribution, vol.
148, no. 5, pp. 439-447, Sep 2001.

P. Samuel, R. Guptaand D. Chandra, "Grid Interface of Wind Power With Large Split-
Winding Alternator Using Cascaded Multilevel Inverter,” in IEEE Transactions on
Energy Conversion, vol. 26, no. 1, pp. 299-309, March 2011.

M. M. Amin and O. A. Mohammed, "Development of High-Performance Grid-

Connected Wind Energy Conversion System for Optimum Utilization of Variable

199



[43]

[44]

[45]

[46]

[47]

[48]

[49]

Speed Wind Turbines," in |EEE Transactions on Sustainable Energy, vol. 2, no. 3, pp.
235-245, July 2011.

J. M. Carrasco et al., "Power-Electronic Systemsfor the Grid Integration of Renewable
Energy Sources. A Survey," in I[EEE Transactions on Industrial Electronics, vol. 53,
no. 4, pp. 1002-1016, June 2006.

W. Qiao, R. G. Harley and G. K. Venayagamoorthy, "Coordinated Reactive Power
Control of a Large Wind Farm and a STATCOM Using Heuristic Dynamic
Programming,” in IEEE Transactions on Energy Conversion, vol. 24, no. 2, pp. 493-
503, June 2009.

S. K. Chaudhary, R. Teodorescu, P. Rodriguez, P. C. Kjaer and A. M. Gole, "Negative
Sequence Current Control in Wind Power Plants With VSC-HVDC Connection,”
in |EEE Transactions on Sustainable Energy, vol. 3, no. 3, pp. 535-544, July 2012.

P. R. Martinez, G. Escobar, J. M. Sosa, G. Vazquez, C. A. Limones and S. Iturriaga,
"An improved current mode control of a three-phase rectifier based on positive-
sequence detection,” Industrial Electronics Society, IECON 2015 - 41st Annual
Conference of the |EEE, Y okohama, 2015, pp 000996-001001.

X. Du and R. Wang, "Control strategy of negative sequence current for the grid-
connection converter under the unbalanced grid condition,” Control Conference (CCC),
2015 34th Chinese, Hangzhou, 2015, pp. 9066-9071.

P. Rodriguez, A. V. Timbus, R. Teodorescu, M. Liserre and F. Blaagjerg, "Independent
PQ Control for Distributed Power Generation Systems under Grid Faults," IEEE
Industrial Electronics, IECON 2006 - 32nd Annual Conference on, Paris, 2006, pp.
5185-5190.

Terry Chi Young Ho, Li Ran, A. Garcia-Cerrada, J. L. Zamora-Macho and P. Brogan,

"V oltage source converter AC voltage controller design and dynamic response for a

200



[50]

[51]

[52]

[53]

[54]

[55]

[56]

large offshore wind farm network,"” Renewable Energy Research and Applications
(ICRERA), 2013 International Conference on, Madrid, 2013, pp. 470-475.

J. K. Chatterjee, P. K. S. Khan, A. Anand and A. Jindal, "Performance evaluation of an
electronic lead-lag VAr compensator and its application in brushless
generation,” Power Electronics and Drive Systems, 1997. Proceedings., 1997
International Conference on, 1997, pp. 59-64 vol.1.

Energy Network Association, “Engineering Recommendation G597, in
Recommendations for the Connection of Generating Plant to the Distribution Systems
of Licenced Distribution Network Operators, London, 2007.

P. Trichakis, P. C. Taylor, L. M. Cipcigan, P. F. Lyons, R. Hair and T. Ma, "An
Investigation of Voltage Unbalance in Low Voltage Distribution Networks with High
Levels of SSEG," Proceedings of the 41st International Universities Power
Engineering Conference, Newcastle upon Tyne, 2006, pp. 182-186.

M. Wilkinson, B. Hendriks, F. Spinato, E. Gomez, H. Bulacio, J. Roca, P. Tavner, Y.
Feng, and H. Long, “Methodology and results of the reliawind reliability field study,”
in Scientific Track, European Wind Energy Conference EWEC, (Warsaw), 2010.

Y. Ito, Y. Kanno and S. Kawauchi, "Source voltage sensor-less digital control using
observer for PWM converter,” Power Electronics Specialists Conference, PESC '94
Record., 25th Annual |EEE, Taipel, 1994, pp. 160-165 vol.1.

P. Barrass and M. Cade, "PWM rectifier using indirect voltage sensing,” in|EE
Proceedings - Electric Power Applications, vol. 146, no. 5, pp. 539-544, Sep 1999.

I. Agirman and V. Blasko, "A novel control method of aVVSC without AC line voltage
sensors," in IEEE Transactions on Industry Applications, vol. 39, no. 2, pp. 519-524,

Mar/Apr 2003.

201



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

H. Gholami-Khesht, M. Monfared and S. Golestan, "Low computational burden grid
voltage estimation for grid connected voltage source converter-based power
applications,” in IET Power Electronics, vol. 8, no. 5, pp. 656-664, 5 2015.

H. Mao, X. Yang, Z. Chen and Z. Wang, "A Hysteresis Current Controller for Single-
Phase Three-Level Voltage Source Inverters” inlEEE Transactions on Power
Electronics, vol. 27, no. 7, pp. 3330-3339, July 2012.

M. P. Kazmierkowski and L. Malesani, "Current control techniques for three-phase
voltage-source PWM converters: a survey,” inlEEE Transactions on Industrial
Electronics, val. 45, no. 5, pp. 691-703, Oct 1998.

A. l. Maswood and F. Liu, "A Unity-Power-Factor Converter Using the Synchronous-
Reference-Frame-Based Hysteresis Current Control,” inlEEE Transactions on
Industry Applications, vol. 43, no. 2, pp. 593-599, March-april 2007.

L. Malesani and P. Tenti, "A novel hysteresis control method for current-controlled
voltage-source PWM inverters with constant modulation frequency,” inlEEE
Transactions on Industry Applications, vol. 26, no. 1, pp. 88-92, Jan/Feb 1990.
Tae-Won Chun and Meong-Kyu Choi, "Development of adaptive hysteresis band
current control strategy of PWM inverter with constant switching frequency,” Applied
Power Electronics Conference and Exposition, 1996. APEC '96. Conference
Proceedings 1996., Eleventh Annual, San Jose, CA, 1996, pp. 194-199 vol. 1.

A. I. Maswood and Fangrui Liu, "A novel variable hysteresis band current control of
three-phase three-level rectifier with constant switching frequency,” Power
Engineering Society General Meeting, 2005. |EEE, 2005, pp. 23-27 Vol. 1.

Dutton K, Thompson S and Barraclough B, “ The Art of Control Engineering” [M],

Addison Wesley Longman, 1997, pp183-185.

202



[65]

[66]

[67]

[68]

[69]

[70]

[71]

S. K. Chung, "Phase-locked loop for grid-connected three-phase power conversion
systems,” in |EE Proceedings - Electric Power Applications, vol. 147, no. 3, pp. 213-
219, May 2000.

J. M. Espi Huerta, J. Castello, J. R. Fischer and R. Garcia-Gil, "A Synchronous
Reference Frame Robust Predictive Current Control for Three-Phase Grid-Connected
Inverters," in IEEE Transactions on Industrial Electronics, vol. 57, no. 3, pp. 954-962,
March 2010.

R. I. Bojoi, G. Griva, V. Bostan, M. Guerriero, F. Farina and F. Profumo, "Current
control strategy for power conditioners using sinusoidal signa integrators in
synchronousreferenceframe,” in |EEE Transactions on Power Electronics, vol. 20, no.
6, pp. 1402-1412, Nov. 2005.

M. Chomat and L. Schreier, "Control method for DC link voltage ripple cancellation in
voltage source inverter under unbalanced three-phase voltage supply conditions,” in
IEE Proceedings - Electric Power Applications, vol. 152, no. 3, pp. 494-500, 6 May
2005.

R. Wu, S. B. Dewan and G. R. Slemon, "Analysis of aPWM AC to DC voltage source
converter under the predicted current control with a fixed switching frequency,” in
|EEE Transactions on Industry Applications, vol. 27, no. 4, pp. 756-764, Jul/Aug 1991.
L. Xiao, S. Huang and K. Lu, "DC bus voltage control of grid-connected voltage source
converter by using space vector modulated direct power control under unbalanced
network conditions," in IET Power Electronics, vol. 6, no. 5, pp. 925-934, May 2013.
M. C. Trigg and C. V. Nayar, "DC bus Compensation for a Sinusoidal V oltage-Source
Inverter With Wave-Shaping Control," in |EEE Transactions on Industrial Electronics,

vol. 55, no. 10, pp. 3661-3669, Oct. 2008.

203



[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

B. Bahrani, A. Karimi, B. Rey and A. Rufer, "Decoupled dg-Current Control of Grid-
Tied Voltage Source Converters Using Nonparametric Models,” in IEEE Transactions
on Industrial Electronics, vol. 60, no. 4, pp. 1356-1366, April 2013.

B. Bahrani, S. Kenzelmann and A. Rufer, "Multivariable-Pl-Based ¢ Current Control
of Voltage Source Converters With Superior Axis Decoupling Capability,” in IEEE
Transactions on Industrial Electronics, vol. 58, no. 7, pp. 3016-3026, July 2011.
Jong-Woo Choi and Seung-Ki Sul, "Inverter output voltage synthesis using novel dead
time compensation,” in IEEE Transactions on Power Electronics, vol. 11, no. 2, pp.
221-227, Mar 1996.

Hengbing Zhao, Q. M. J. Wu and A. Kawamura, "An accurate approach of nonlinearity
compensation for VSI inverter output voltage,” in|EEE Transactions on Power
Electronics, vol. 19, no. 4, pp. 1029-1035, July 2004.

H.s. Ryu, I.h.Lim, J. h. Lee, S. h. Hwang and J. m. Kim, "A Dead Time Compensation
Method in Voltage-Fed PWM Inverter,” Industry Applications Conference, 2006. 41st
IAS Annual Meeting. Conference Record of the 2006 | EEE, Tampa, FL, 2006, pp. 911-
916.

M. Liserre, R. Teodorescu and F. Blaabjerg, "Multiple harmonics control for three-
phase grid converter systems with the use of PI-RES current controller in a rotating
frame," in IEEE Transactions on Power Electronics, vol. 21, no. 3, pp. 836-841, May
2006.

Mohan N, Undeland T, M and Robbins W, P, “Power Electronics- Converters,
applications, and Design” [M], John Wiley & Sons, 2003, pp239-242.

A. Junyent-Ferre, O. Gomis-Bellmunt, T. C. Green and D. E. Soto-Sanchez, "Current

Control Reference Calculation Issues for the Operation of Renewable Source Grid

204



[80]

[81]

[82]

[83]

[84]

[85]

[86]

Interface VSCs Under Unbalanced Voltage Sags,” in IEEE Transactions on Power
Electronics, vol. 26, no. 12, pp. 3744-3753, Dec. 2011.

J A. Suul, A. Luna, P. Rodriguez and T. Undeland, "Voltage-Sensor-Less
Synchronization to Unbalanced Grids by Frequency-Adaptive Virtual Flux
Estimation,” in IEEE Transactions on Industrial Electronics, vol. 59, no. 7, pp. 2910-
2923, July 2012.

A. Timbus, M. Liserre, R. Teodorescu and F. Blaabjerg, " Synchronization methods for
three phase distributed power generation systems - An overview and evaluation,” 2005
|EEE 36th Power Electronics Specialists Conference, Recife, 2005, pp. 2474-2481.

R. Kadri, J. P. Gaubert and G. Champenois, "An Improved Maximum Power Point
Tracking for Photovoltaic Grid-Connected Inverter Based on Voltage-Oriented
Control," in IEEE Transactions on Industrial Electronics, vol. 58, no. 1, pp. 66-75, Jan.
2011

Yongchang, Qin, Zhengxi and Yingchao, "Comparative study of model predictive
current control and voltage oriented control for PWM rectifiers," Electrical Machines
and Systems (ICEMYS), 2013 International Conference on, Busan, 2013, pp. 2207-2212.
J. Dannehl, C. Wessels and F. W. Fuchs, "Limitations of Voltage-Oriented Pl Current
Control of Grid-Connected PWM Rectifiers With LCL Filters," in IEEE Transactions
on Industrial Electronics, vol. 56, no. 2, pp. 380-388, Feb. 2009.

S. M. Silva, B. M. Lopes, B. J. C. Filho, R. P. Campana, and W. C. Bosventura,
“Performance evaluation of PLL agorithms for single phase grid-connected systems,”
Conf. Rec. Ind. Appl., Oct. 2004, vol. 4,pp. 2259-2263.

M. Ciubotariu, R. Teodorescu, F. Blaabjerg, “A new single-phase PLL structure based

on asecond order generalized integrator,” Power Electron. Spec. Conf., 2006, pp. 1-6.

205



[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

S. Shinnaka, “A robust single phase PLL system with stable and fast tracking,” |IEEE
Trans. Ind. Appl., vol. 44, no. 2, pp. 624-633, Mar./Apr. 2008.

M. Karimi-Ghartemani, J. A. Walseth, “Using the epll algorithm as a preprocessor for
fault analysis,” Information Science, Signal Processing and their Applications (ISSPA),
2012, pp. 1377-1382.

S. Golestan, M. Ramezani and J. M. Guerrero, "An Analysis of the PLLs With
Secondary Control Path,” in IEEE Transactions on Industrial Electronics, vol. 61, no.
9, pp. 4824-4828, Sent. 2014.

M. Karimi-Ghartemani and M. R. Iravani, "A method for synchronization of power
electronic converters in polluted and variable-frequency environments,” inl|EEE
Transactions on Power Systems, vol. 19, no. 3, pp. 1263-1270, Aug. 2004.

Se-Kyo Chung, "A phase tracking system for three phase utility interface inverters,”
in |EEE Transactions on Power Electronics, vol. 15, no. 3, pp. 431-438, May 2000.
Rodriguez, J. Pou, J. Bergas, J. |. Candela, R. P. Burgosand D. Boroyevich, "Decoupled
Double Synchronous Reference Frame PLL for Power Converters Control," in IEEE
Transactions on Power Electronics, vol. 22, no. 2, pp. 584-592, March 2007.

P. Rodriguez, A. Lunar, R. Teodorescu, F. lov and F. Blaabjerg, "Fault ride-through
capability implementation in wind turbine converters using a decoupled double
synchronous reference frame PLL," Power Electronics and Applications, 2007
European Conference on, Aalborg, 2007, pp. 1-10.

B. Sun et al., "FPGA-based decoupled double synchronous reference frame PLL for
active power filters” 2011 6th IEEE Conference on Industrial Electronics and

Applications, Beijing, 2011, pp. 2145-2150.

206



[95]

[96]

[97]

[98]

[99]

[100]

[101]

K. J. Koh and S. Y. Mortazavi, "Finite Delay Response Harmonic Filters," in IEEE
Transactions on Circuits and Systems |: Regular Papers, vol. 61, no. 2, pp. 325-336,
Feb. 2014.

W.-Y. Shin, M. Kim, G.-M. Hong, and S. Kim, “A fast-acquisition PLL using split half-
duty sampled feed forward loop filter,” |IEEE Transactions on Consumer Electronics,
vol. 56, no. 3, pp. 1856-1859, Aug. 2010.

Saeed Golestan, Maek Ramezani, Josep M. Guerrero, Mohammad Monfared, “dg-
Frame Cascaded Delayed Signal Cancellation- Based PLL: Anaysis, Design, and
Comparison With Moving Average Filter-Based PLL,” IEEE Trans. Power Electron.,
vol. 30, no. 3, pp. 1618-1632, 2015.

Y.F. Wang and Y. W. Li, “Fast harmonic detection based on cascaded delayed signal

cancellation pll,” ECCE, 2011, pp.1094 - 1101.

Y.Wangand Y. W. Li, “Three-phase cascaded delayed signal cancellation PLL for fast
selective harmonic detection,” IEEE Trans. Ind. Electron., vol. 60, no. 4, pp. 1452—
1463, 2013.

Shaohua Sun, Honggi Ben, Tao Meng and Jinyong Zhang, "A new PLL based on fast
positive and negative sequence decomposition algorithm with matrix operation under
distorted grid conditions,” 2014 International Power Electronics Conference (IPEC-
Hiroshima 2014 - ECCE AS A), Hiroshima, 2014, pp. 3213-3217.

Y. Chen, X. Jinand Y. Tong, "A Nove Real-time Positive and Negative Sequence
Components Detecting Algorithm for PWM Rectifier under Unbalanced Operating
Conditions,” Industrial Electronics and Applications, 2007. ICIEA 2007. 2nd |IEEE

Conference on, Harbin, 2007, pp. 1847-1851.

207



[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

D. Yazdani, M. Mojiri, A. Bakhshai and G. JoOs, "A Fast and Accurate
Synchronization Technique for Extraction of Symmetrical Components,” in IEEE
Transactions on Power Electronics, vol. 24, no. 3, pp. 674-684, March 2009.

Ignacio Carugati, Sebastian Maestri, Patricio G. Donato, Daniel Carrica, and Mario
Benedetti, “Variable Sampling Period Filter PLL for Distorted Three-Phase Systems,”
|EEE Trans. Power Electron., vol. 27, pp. 321-330, 2012.

J. Wang, J. Liang, F. Gao, L. Zhang and Z. Wang, "A Method to Improve the Dynamic
Performance of Moving Average Filter-Based PLL," in IEEE Transactions on Power
Electronics, vol. 30, no. 10, pp. 5978-5990, Oct. 2015.

Suzan Eren, Masoud K arimi-Ghartemani, and Alireza Bakhshai, “ Enhancing the Three-
Phase Synchronous Reference Frame PL L to remove Unbalance and Harmonic Errors,”
35th Annual Conference of IEEE Industrial Electronics, 2009, pp.437-441.

Funaki. T, Ohori. A, Hattori. N, “Fast and high-precision phase detection of positive
phase sequence component by three phase PLL with complex coefficient filter,” Power
Electronics for Distributed Generation Systems, 2014, pp.1-6.

Kyoung-Jun Lee, Jong-Pil Lee, Dongsul Shin, Dong-Wook Yoo, Hee-Je Kim, “A
Novel Grid Synchronization PLL Method Based on Adaptive Low-Pass Notch Filter
for Grid-Connected PCS,” |EEE Trans. Industrial Electronics, vol. 61, no. 1, pp. 292-
301, 2014.

M. Ferdjallah and R. E. Barr, "Adaptive digital notch filter design on the unit circle for
the removal of powerline noise from biomedical signals,” in IEEE Transactions on
Biomedical Engineering, vol. 41, no. 6, pp. 529-536, June 1994.

Lisheng Shi, Mariesa L. Crow, “A Novel PLL System Based on Adaptive Resonant

Filter,” 40th North American Power Symposium, 2008, pp.1-8.

208



[110]

[111]

[112]

[113]

[114]

[115]

[116]

V. Vekhande, K. V. K. and B. G. Fernandes, "Control of Three-Phase Bidirectional
Current-Source Converter to Inject Balanced Three-Phase Currents Under Unbalanced
Grid Voltage Condition,” in IEEE Transactions on Power Electronics, vol. 31, no. 9,
pp. 6719-6737, Sept. 2016.

J. Kang et al., "Control algorithm for improving voltage quality of PM SG wind turbines
under distorted network,” Applied Power Electronics Conference and Exposition
(APEC), 2015 |EEE, Charlotte, NC, 2015, pp. 1302-1309.

Jayoon Kanget al.,, "Negative sequence current injection control algorithm
compensating for unbalanced PCC voltage in medium voltage PMSG wind
turbines," Power Electronics Conference (IPEC-Hiroshima 2014 - ECCE-ASA), 2014
International, Hiroshima, 2014, pp. 1185-1192.

M. Guan and Z. Xu, "Modeling and Control of a Modular Multilevel Converter-Based
HVDC System Under Unbalanced Grid Conditions," in IEEE Transactions on Power
Electronics, vol. 27, no. 12, pp. 4858-4867, Dec. 2012.

G.qg. Li, Y.Wang, Y.j. Yao and B. y. Wang, "Study on three-phase four-wire wiring
D-STATCOM control mode based on Instantaneous Symmetrical Components
method," Electricity Distribution (CICED), 2012 China International Conference on,
Shanghai, 2012, pp. 1-4.

Zhongdong Yin and Lixia Zhou, "Self zero sequence component control of dynamic
voltage restorer in systems with different neutral point grounded modes," Power
Engineering Conference, 2005. IPEC 2005. The 7th International, Singapore, 2005, pp.
1-493.

E. H. Watanabe, R. M. Stephan and M. Aredes, "New concepts of instantaneous active
and reactive powersin electrical systemswith generic loads," in IEEE Transactions on

Power Delivery, vol. 8, no. 2, pp. 697-703, Apr 1993.

209



[117]

[118]

[119]

[120]

[121]

[122]

[123]

Hyosung Kim and H. Akagi, "The instantaneous power theory on the rotating p-g-r
referenceframes," Power Electronicsand Drive Systems, 1999. PEDS'99. Proceedings
of the |IEEE 1999 International Conference on, 1999, pp. 422-427 vol .1.

E. H. Watanabe, M. Aredes, J. L. Afonso, J. G. Pinto, L. F. C. Monteiro and H. Akagi,
"Instantaneous p—q power theory for control of compensators in micro-grids,” 2010
International School on Nonsinusoidal Currents and Compensation, Lagow, 2010, pp.
17-26.

Fang Zheng Peng and Jih-Sheng Lai, "Generalized instantaneous reactive power theory
for three-phase power systems,” inlEEE Transactions on Instrumentation and
Measurement, vol. 45, no. 1, pp. 293-297, Feb 1996.

P. Verdelho, "Voltage type reversible rectifiers control methods in unbalanced and
nonsinusoidal conditions," Industrial Electronics Society, 1998. IECON '98.
Proceedings of the 24th Annual Conference of the IEEE, Aachen, 1998, pp. 479-484
vol.1.

C. Wessdls, N. Hoffmann, M. Molinasand F. W. Fuchs, " StatCom control at wind farms
with fixed-speed induction generators under asymmetrical grid faults,” inlEEE
Transactions on Industrial Electronics, vol. 60, no. 7, pp. 2864-2873, July 2013.

E. Muljadi, D. Yildirim, T. Batan and C. P. Butterfield, "Understanding the unbal anced-
voltage problem in wind turbine generation,” Industry Applications Conference, 1999.
Thirty-Fourth lAS Annual Meeting. Conference Record of the 1999 |EEE, Phoenix, AZ,
1999, pp. 1359-1365 vol.2.

Sung-Chan Ahn and Dong-Seok Hyun, "New control scheme of three-phase PWM
AC/DC converter without phase angle detection under the unbalanced input voltage
conditions," in IEEE Transactions on Power Electronics, vol. 17, no. 5, pp. 616-622,

Sep 2002.

210



[124]

[125]

[126]

[127]

[128]

[129]

[130]

Hong-Seok Song and Kwanghee Nam, "Dua current control scheme for PWM
converter under unbalanced input voltage conditions,” in|EEE Transactions on
Industrial Electronics, val. 46, no. 5, pp. 953-959, Oct 1999.

N. D. Tuyen and G. Fujita, "Negative-sequence Current Injection of Dispersed
Generation for Islanding Detection and Unbalanced Fault Ride-through,” Universities
Power Engineering Conference (UPEC), Proceedings of 2011 46th International,
Soest, Germany, 2011, pp. 1-6.

Y. Suh, Y. Park and Y. Go, "Control algorithm for a doubly fed induction generator in
medium voltage wind power system under fault ride through and unbalanced grid
conditions," 2012 | EEE Energy Conversion Congress and Exposition (ECCE), Raeigh,
NC, 2012, pp. 2396-2403.

Jiang Yu, Xianzhong Duan, Yugjin Tang and Ping Y uan, "Control scheme studies of
voltage source type superconducting magnetic energy storage (SMES) under
asymmetrical voltage,” in IEEE Transactions on Applied Superconductivity, vol. 12,
no. 1, pp. 750-753, Mar 2002.

K. Lee T. M. Jahns, T. A. Lipo and V. Blasko, "New Control Method Including State
Observer of Voltage Unbalance for Grid Voltage-Source Converters,” inlEEE
Transactions on Industrial Electronics, vol. 57, no. 6, pp. 2054-2065, June 2010.

P. N. Enjeti and S. A. Choudhury, "A new control strategy to improve the performance
of a PWM AC to DC converter under unbalanced operating conditions,” in IEEE
Transactions on Power Electronics, vol. 8, no. 4, pp. 493-500, Oct 1993.

B. Y. Choi, J. M. Park, J. H. Jegal, S. R. Lee and C. Y. Won, "DC link fluctuation
compensation method for PV generation system combined energy storage," 2015 9th
International Conference on Power Electronics and ECCE Asia (ICPE-ECCE Asia),

Seoul, 2015, pp. 2881-2886.

211



[131]

[132]

[133]

[134]

[135]

[136]

[137]

X. Chen, Y. Zhang, J. Yang, Y. Chen, Q. Wang and N. Zhou, "Improved power control
of photovoltaic generation system under unbalanced grid voltage conditions," 2013
IEEE PES Asia-Pacific Power and Energy Engineering Conference (APPEEC),
Kowloon, 2013, pp. 1-6.

A.Y.Jung, J. H. Lee, S. Mun, J. H. Park and H. J. Jeon, "DC link ripple reduction of
series-connected module integrated converter for Photovoltaic systems,”" Power
Electronicsand ECCE Asia (ICPE & ECCE), 2011 |EEE 8th International Conference
on, Jgu, 2011, pp. 1618-1621.

L. Zhang, L. Harnefors and H. P. Nee, "Power-Synchronization Control of Grid-
Connected Voltage-Source Converters,” in IEEE Transactions on Power Systems, vol.
25, no. 2, pp. 809-820, May 2010.

M. Malinowski, M. P. Kazmierkowski, S. Hansen, F. Blaabjerg and G. Marques,
"Virtual flux based direct power control of three-phase PWM rectifiers,” Industry
Applications Conference, 2000. Conference Record of the 2000 | EEE, Rome, 2000,
pp. 2369-2375 vol .4.

M. Liserre, F. Blaabjerg and S. Hansen, "Design and control of an LCL-filter-based
three-phase active rectifier,” in IEEE Transactions on Industry Applications, vol. 41,
no. 5, pp. 1281-1291, Sept.-Oct. 2005.

J. Yin, S. Duan and B. Liu, "Stability Analysis of Grid-Connected Inverter With LCL
Filter Adopting aDigital Single-Loop Controller With Inherent Damping
Characteristic,”" in IEEE Transactions on Industrial Informatics, vol. 9, no. 2, pp.
1104-1112, May 2013.

S. Zhou, J. Liu, L. Zhou and H. She, "Cross-coupling and decoupling techniquesin

the current control of grid-connected voltage source converter,” 2015 |EEE Applied

212



[138]

[139]

[140]

[141]

Power Electronics Conference and Exposition (APEC), Charlotte, NC, 2015, pp.
2821-2827.

F. Briz, M. W. Degner and R. D. Lorenz, "Analysis and design of current regulators
using complex vectors,” Industry Applications Conference, 1997. Thirty-Second 1AS
Annual Meeting, IAS'97., Conference Record of the 1997 IEEE, New Orleans, LA,
1997, pp. 1504-1511 vol.2.

F. Briz, M. W. Degner and R. D. Lorenz, "Analysis and design of current regulators
using complex vectors,” in |EEE Transactions on Industry Applications, vol. 36, no.
3, pp. 817-825, May/Jun 2000.

G. Ledwich and F. Zare, "Three phase hysteresis controls- simple options for
improvement,” Power Engineering Conference, 2007. AUPEC 2007. Australasian
Universities, Perth, WA, 2007, pp. 1-6.

Y. Liu, S. Yang, S. Zhang and F. Z. Peng, "Comparison of synchronous condenser
and STATCOM for inertial response support,” 2014 IEEE Energy Conversion

Congress and Exposition (ECCE), Pittsburgh, PA, 2014, pp. 2684-2690.

213



Publications

[1] Z. Zeng et al., "Analysis on controller of grid-connected inverter by using virtual

circuit,” Power Electronics and Applications (EPE'15 ECCE-Europe), 2015 17th European

Conference on, Geneva, 2015, pp. 1-8.

[2] T.Hao, L. Ran, Z. Zeng, W. Lai, “Fast Extraction of Positive and Negative Sequence

Voltage Components for Inverter Control,” 2016 29" PEMD, Glasgow, 2016.

214



