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Abstract

The public low voltage (LV) electricity networks are being increasingly impacted
by the connection of many small-capacity solar photovoltaic (PV) systems. These
PV systems offer financial benefits to owners while bringing environmental ben-
efits by reducing the electricity generation using fossil fuels. However, there are
technical challenges that should be addressed in order to enable the smooth in-
tegration of PV systems to public LV electricity networks.

A detailed simulation model of a PV system is a useful tool for analysing the
system-level impact of integrating multiple PV systems to public LV electricity
networks. Therefore, such a simulation model of a grid-connected single-phase
two-stage PV system with associated controllers is developed in this Thesis. The
accuracy of the developed simulation model is validated by comparing simulation
results with experimental results obtained from a comparable experimental PV
system established in the laboratory. The developed simulation model of a PV
system forms the basis for the rest of the work presented in this Thesis.

The introduction of multiple PV systems may result in public LV electricity
networks becoming more susceptible to voltage variations and fluctuations caused
by the injected active power variations from the PV systems. Furthermore, if the
power generation by PV systems exceeds that of the local load demand, there is a
possibility of power flowing into the grid for which the traditional LV systems are
not designed. As a result, there can be over voltages in the LV network leading
to tripping of PV systems. The voltage rise in public LV electricity networks
integrated with multiple PV systems is a critical technical problem that should
be addressed. Traditional voltage control techniques are not adequate under
such situations. As a consequence, there is a demand for fast acting dynamic
voltage regulating devices which can respond within a short period of time to the
variations and restore the system to its normal operation.

An opportunity exists to regulate the respective point of common coupling

(PCC) voltages by dynamically controlling both active and reactive power injec-
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tion by PV systems that are integrated to an public LV electricity network via
voltage source converters. In this Thesis, two closed-loop controllers that are able
to regulate the PCC voltage by dynamically controlling the active and reactive
power of a PV system are developed. The dynamic behaviour of each controller
is analysed in detail. By combining the dynamic active and reactive power con-
trollers, two novel operating strategies for PV systems; fixed minimum power
factor operation and fixed maximum apparent power operation, are proposed.
The simulation results are validated using experimental work confirming the ac-
curacy of the derived plant models, the robustness of the designed controllers
and the feasibility of implementing the proposed novel operating strategies in PV
systems.

In a public LV electricity network, to which multiple PV systems are in-
tegrated, the grid voltage can be controlled if each PV system regulates their
respective PCC voltage. In such an application of PV systems, the possibility of
control interactions between PV systems exists since PV systems operate elec-
trically close to each other. In this Thesis, possible control interactions between
multiple PV systems are investigated and results of simulation studies are pre-
sented. The small-signal model of an LV radial power distribution feeder with
multiple PV systems developed in this Thesis is used to perform modal analysis to
verify identified control interactions. The experimental results presented confirm
that there are control interactions between multiple PV systems when these sys-
tems control the grid voltage dynamically by absorbing reactive power from the
grid. The control techniques that can be applied to minimise the effects of control
interaction between PV systems are discussed and validated experimentally.

According to applicable standards for grid-integrated PV systems, a PV sys-
tem must be disconnected from the grid when the terminal voltage of the PV
system exceeds a defined maximum voltage. With this directive, in certain situ-
ations, PV systems connected at nodes at which the voltage sensitivity is high,

may get disconnected from the grid while PV systems connected at less sensitive
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nodes continue to operate. In such a situation, owners whose PV systems are con-
nected at nodes at which the voltage sensitivity is high, may lose their revenue.
In order to minimise the impact of such a disadvantage, a power sharing method-
ology that can be implemented in PV systems connected to a radial distribution
feeder is developed in this Thesis. In the developed method, power sharing is
achieved by operating PV systems within an allocated voltage bandwidth that
is applicable to the PCC voltage of a PV system. The developed power sharing
methodology provides a pathway to share power injection by PV systems instead
of leading to the disconnection of some PV systems and not others, which leads
to an inequitable operating environment.

The analytical tools and experimentally validated simulation models that are
developed in this Thesis will be beneficial for electricity distribution utilities who
at present, have to deal with uncertainties related to the impact of high pene-
tration levels of PV systems in their LV electricity networks. Further, advanced
control and coordination techniques and methodologies developed in this Thesis
will also enable the development of proper coordination and control strategies
which should be adopted for voltage control and reactive power compensation

while improving system stability and efficiency.
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List of principal symbols and abbreviations

A/D analog to digital

AC alternating current

BW, bandwidth

Chy base capacitance

Cac DC-link capacitor of a VSC

Ct capacitor of an LCL filter

Chpv filtering capacitor at the output of a PV array
CSC current source converter

D duty ratio

D/A digital to analog

DC direct current

) power angle

Al small change in current

AVy. magnitude of the DC-link voltage ripple
AV, small change in voltage

DSP digital signal processor

DSTATCOM distribution static synchronous compensator
En, PCC Vp controller enable signal

Eng PCC Vg controller enable signal

fae switching frequency of a DC-DC boost converter in Hz
fres resonant frequency in Hz

fow switching frequency of a VSC in Hz

FACTS flexible AC transmission system

Hyp, gain of a band-pass filter

HC harmonic compensator

7 output current of a VSC

14 current flow through the DC-link

Tapy current conducted by the diode of a PV cell model
ig current injected to the grid by a VSC

I, rms value of i,

Iy, active current component of I,

Tomp peak value of I,
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MOSFET
MPP
MPPT
N

ng

Ny

nh

w

We

Whp

We

P

reactive current component of I,
peak value of Iq

initial value of Ignq
current reference of Igpp,

current reference of i,

current output of a PV array or PV cell

current reference of I,

current reference of Iyqm

saturation current of the diode of a PV cell model
insulated gate bi-polar transistor

incremental conductance

Boltzmann’s constant (1.38 x 1072 J/K)

integral gain

proportional gain

live conductor

inductor of a DC-DC boost converter

inductance of the converter-side inductor of an LCL filter
inductance of the grid-side inductor of an LCL filter
inductance of X,

least-mean-square

low voltage

modulation signal

metaloxidesemiconductor field-effect transistor
maximum power point

maximum power point tracking

neutral conductor

diode quality factor (1jn;j2)

electrical node

harmonic number

fundamental frequency in rad/s

estimated frequency of v, in rad/s

centre frequency of a band-pass filter in rad/s
cut-off frequency in rad/s

active power
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PSS
PV

Quvp
Qe
Qg
Qret
R/X

perturb and observe

active power output of a VSC

power flow through the DC-link

active power injected to the grid by a PV system
power available at MPP

nominal active power

power output of a PV array

active power reference of P,

point of common coupling

proportional-integral

phase-locked-loop

proportional-resonant

power system stabiliser

solar photovoltaic

electron charge (1.602 x 10719 As)

reactive power

quality factor of a band-pass filter

reactive power output of a VSC

reactive power injected to the grid by a PV system
reactive power reference of @),

resistance to reactance

damping resistor in series with Ct

resistance of the converter-side inductor of an LCL filter
resistance of the grid-side inductor of an LCL filter
resistive component of grid impedance

shunt resistance of a PV cell

series resistance of a PV cell

root-mean-square

base power

kVA rating of a VSC

synchronous reference frame PLL

sinusoidal pulse-width modulation

time constant of a first-order lag element

total harmonic distortion
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) estimated phase angle of v,

Unax 253V

v output voltage of a VSC

Vo a-axis voltage

Vs B-axis voltage

Vo fundamental voltage component of v
Vb base voltage

Ve voltage across Cy and Ry

Vie DC-link voltage of a VSC

Vacave average DC-link voltage

Viaeret DC-link voltage reference

Vapy voltage across the diode of a PV cell model
Vg voltage at the PCC of a VSC

Ve rms value of v,

Vem peak value of v,

Vemo  initial value of Vi,

Vemret  VOltage reference of Vg,

Vipp ~ voltage at MPP

Vippo ~ 1nitial Vi,

Voepy ~ Open circuit voltage of a PV array

Vv voltage output of a PV array or a PV cell

Vowret  VOltage reference of V,,

Vs voltage of the equivalent Thévenin voltage source
Vi rms value of v

Vi d-axis voltage

Vi rms voltage at node x

Vq g-axis voltage

VCO  voltage-controlled-oscillator

VSC  voltage source converter

X, reactive component of grid impedance
- state variable

Y admittance between node ¢ and j

Zy base impedance
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Chapter 1

Introduction

1.1 Statement of the Problem

The overwhelming political drive towards promoting, developing and introducing
sustainable energy technologies is a hallmark of the beginning of the twenty first
century. The main aim of such a political drive is to minimise the dependency on
and also the usage of rapidly depleting fossil fuel resources such as coal, petroleum
and natural gas. There is also a strong desire to reduce the associated pollution of
fossil fuel based electricity generation and to reduce global warming. As a result
of these factors, many developed countries around the world are seen to be taking
initiatives to promote, develop and introduce sustainable energy technologies in
order to minimise the percentage use of fossil fuels to meet their energy demand.

Electricity is one of the main forms of energy on which people largely depend
and is conventionally generated by large scale centralised power generating plants.
Fossil fuels are the main source of energy in most of these power generating plants.
With the efforts to promote sustainable energy technologies in order to minimise
the dependency on fossil fuels, renewable energy resources such as solar, wind,
hydro, tides, waves and geothermal heat have been identified as viable sources
of energy to generate electrical power. Among the identified renewable energy
sources, solar and wind have been further identified as the most promising sources

of renewable energy to generate electrical power. Solar and wind are well known
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to be dispersed energy sources with low energy concentration. As a result, a large
number of medium to small scale distributed solar photovoltaic (PV) systems and
wind-power systems are being integrated to the electrical power grid.

Governments and electricity utilities around the world are making significant
changes to their traditional policies in order to allow external parties to integrate
their own renewable power generating systems to the electrical power grid with
efforts to promote sustainable energy technologies. Further, commercially attrac-
tive rebates, grants and credit schemes are being introduced to increase the par-
ticipation of external parties in renewable power generation. These actions have
resulted and will continue to make significant changes to the traditional electri-
cal power grid. One such significant change is the integration of a large number
of small scale PV systems (up to 10 kW) to low voltage (LV) public electricity
networks, leaving power distribution utilities with many technical challenges to
deal with.

Electrical power generated from a PV system solely depends on factors such as
solar irradiance and ambient temperature. These factors are subjected to sudden
or slow variations, resulting in changes in the output power. As PV systems
are interfaced to LV power grids through power electronic converters (inverters)
and as no mechanical inertia is involved, changes in power flow can take place
in relatively short periods . Such changes can cause rapid voltage fluctuations

at the point of common coupling (PCC)! of a PV system and can lead to over-

voltage, under-voltage and/or flicker problems. Further, switching frequency and
low-order harmonic levels may increase with the addition of PV systems to LV
power grids, possibly deteriorating the quality of power supply.

Simulation studies can be performed in order to investigate the terminal char-
acteristics of a PV system under different operating conditions and to analyse how

LV power grids will behave when multiple PV units are integrated. In order to

'In most of the analysis presented in this Thesis, the impedance of the service wire of a PV
system is neglected. Therefore, the point of connection (POC) of a PV system is referred to as
the point of common coupling (PCC) in this Thesis.



perform such simulation studies, the development of accurate simulation models
of PV systems is necessary. A detailed simulation model of a PV system that rep-
resents the dynamic behaviour of all the physical components of a grid-connected
PV system and also the associated control loops is essential to investigate the dy-
namic behaviour of a single or multiple grid-connected PV systems under different
operating conditions.

If a detailed simulation model of a PV system is used to represent PV systems
in a multiple PV installation, the actual time required to simulate a case may be
quite prohibitive in a conventional and commonly available simulation platform.
Therefore, in certain simulation studies, a simplified simulation model that op-
timally represents the dynamic characteristics of a grid-connected PV system is
also required.

The steady-state voltage of an LV power grid may rise above the limits spec-
ified in the applicable standards as a consequence of integrating multiple PV
systems. Such operating conditions in an LV power grid may occur especially in
situations when the power generation from PV systems is greater than loads at
a peak and the load on the LV power grid is at a minimum. The over-voltage
operating conditions in an LV power grid may result in the disconnection of PV
systems and also in certain situations the loads designed to operate within stan-
dard voltage limits in an LV power grid may get exposed to excessive voltage
levels as well. The voltage variation in an LV power grid with high penetration
of PV systems is highly dynamic because of the frequent variation of solar irradi-
ance and ambient temperature. As a result, conventional static voltage regulation
techniques such as fixed tap settings at the distribution transformers, step voltage
regulators and fixed capacitors are not adequate to regulate the voltage of an LV
power grid that is highly penetrated with PV systems. Therefore, the deployment
of fast acting dynamic voltage regulating devices in LV power grids are required
or PV systems may have to be built with such voltage regulating capabilities.

The speed of response of a PV system is very fast. Further, the PCC voltage



of a PV system is sensitive to the power flow of the PV system which can be dy-
namically controlled. Therefore, PV systems that are integrated to an LV power
grid via appropriately designed power electronic converter systems and controls
can be deployed to regulate the grid voltage dynamically by regulating the PCC
voltage of each PV system. Furthermore, dedicated dynamic voltage control de-
vices such as distribution-static synchronous compensators (DSTATCOMSs) can
also be integrated to regulate the voltage of an LV power grid dynamically. In or-
der to utilise PV systems and DSTATCOMSs to dynamically regulate the voltage
of an LV power grid effectively and efficiently, the development and integration
of additional control loops, control strategies and algorithms are necessary.

In the future, with a high penetration of PV systems, DSTATCOMs and
PV systems may be deployed to regulate the voltage dynamically. In such an
LV power grid, since PV systems and DSTATCOMs operate very close to each
other, there can be operational and control interactions between these devices.
The control action of a PV system or a DSTATCOM may significantly affect
the operation and control of another PV system or a DSTATCOM and may lead
to unstable operating conditions in the LV power grid. Therefore, the identi-
fication of any control and operational interactions when multiple PV systems
and DSTATCOMs dynamically regulate the grid voltage and the development of
techniques to mitigate any negative impact of interaction among PV systems and
DSTATCOMs on the operation and control of an LV power grid is essential.

The negative impact of a limited number of PV systems is tolerable in the
operation and control of existing LV power grids. Therefore, the operation of
PV systems connected to LV power grids is not monitored to the same extent as
conventional, large generators. However, once PV systems are highly penetrated,
their collective impact on the operation and control of LV power grids will be
significant. Therefore these PV systems need to be incorporated with proper
coordination and control schemes for smooth operation of LV power grids. How-

ever, it is unclear whether or not all PV systems should provide voltage support,



or should there be a staged introduction of this support. For staged introduction
of voltage support, development of mechanisms for conveying the appropriate
changes to control parameters in a coordinated and timely manner is necessary.
While coordinated control schemes can be implemented with the aid of a common
communication media, the first stage is seen to be one that does not depend on

such a media.

1.2 Research Objectives and Methodologies

The research studies presented in this Thesis focus on high density, grid-connected
PV installations where multiple numbers of small scale PV systems operate phys-
ically very close to each other. The main objective of the work presented in this
Thesis is to facilitate the power distribution utilities with new and improved
methodologies and tools to perform advanced system level studies in LV power
grids to which multiple PV systems are integrated and to identify and implement
the possibilities of utilising PV systems to improve the operation and control

aspects of LV power grids. These objectives are achieved through:

e The development of detailed and optimised simulation models of a grid-
connected PV system, in order to perform system level simulation studies
to identify adverse effects on the performance of LV power grids as a con-

sequence of integrating multiple PV systems.

e The development of advanced PCC voltage controllers and control strate-
gies for grid-connected PV systems and DSTATCOMs for the purpose of

regulating grid voltage dynamically.

e The identification and quantification of interaction among multiple PV sys-
tems and DSTATCOMs if these systems regulate the voltage of an LV power

grid dynamically.

e The establishment of novel control and coordination strategies that do not
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rely on a communication media for smooth and efficient operation of LV

power grids with highly penetrated PV systems.

A simulation model of a PV system should be able to represent the dynamic
behaviour of an actual PV system connected to an LV power grid. Therefore,
the dynamic behaviour of all the physical components and all control loops that
a PV system contains should be accurately modelled. In order to develop such a
detailed model, the design details of commercially available PV systems should
be available. Since such design details were not readily available due to the
commercial aspects of these systems, an alternative approach was undertaken.
The detailed simulation model was developed after an extensive review of the
recently published technical literature on the power electronic design and the
control of grid-connected PV systems. The completed design was modelled in
both PSCAD/EMTDC and MATLAB/Simulink. These simulation platforms
have been identified as the most appropriate simulation programs to model and
investigate power systems in general. The model developed in PSCAD/EMTDC
was initially used to examine the performance of a grid-connected PV system
under varying operating conditions in an LV power grid and subsequently this
study was extended to a multiple PV installation.

The simulation models of a grid-connected PV system should be verified
against an actual PV system for the accuracy of the representation of critical
dynamics. Therefore, a laboratory scale experimental platform that consists of
two, grid-connected PV systems was implemented. The design of each experi-
mental PV system was similar to that of the simulation model developed. In
the experimental platform, PV arrays were established through sophisticated PV
array emulators, and commercially available power electronic systems were used
to implement the converters in experimental PV systems. The control systems
of PV systems were implemented using dSPACE rapid control prototyping sys-
tems and the detailed simulation model developed in MATLAB/Simulink was

utilised to implement the digital control systems in dASPACE control systems. In
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the experimental platform, the power distribution grid was established through
a programmable voltage source and a passive impedance network. The experi-
mental platform provided great flexibility to perform experimental studies under
variable grid conditions and solar irradiance levels and, more importantly, en-
abled the implementation and testing of novel control systems and coordination
strategies developed. The experimental platform was initially utilised to ver-
ify the accuracy of the simulation models and later it was utilised for system
level studies, testing of novel control systems and coordination strategies, and to
identify dynamic interaction between multiple PV systems. The results of both
simulation and experimental studies were used to derive a simplified model to
optimally represent the dynamic characteristics of a grid-connected PV system.

The advanced control loops should be built into a PV system to dynamically
regulate the PCC voltage of the PV system. Firstly, for a given LV power grid,
the sensitivity of the PCC voltage to injected active and reactive power from a PV
system was evaluated. Then, closed-loop controllers that are able to regulate the
PCC voltage by dynamically controlling the active and reactive power response
of the PV system were proposed. The plant model of each controller has been
theoretically derived. Further, different types of compensators were evaluated
to identify a suitable compensator for the closed-loop PCC voltage controllers
to regulate the PCC voltage at a given reference voltage. By combining the
dynamic active and reactive power controllers proposed, novel operating strategies
have been introduced for effective utilisation of PV systems to control the grid
voltage dynamically. The simulation and experimental results have been used to
validate and confirm the accuracy of the derived plant models, the robustness of
the designed controllers, and the feasibility of implementing the proposed novel
operating strategies in PV systems.

A key research objective was to identify possible interactions when multiple
PV systems and DSTATCOMs actively control the PCC voltage of each individ-

ual system in order to regulate the grid voltage dynamically. Simulation studies



were carried out to identify interactions in a multiple PV installation where the
voltage at each PCC is actively regulated, starting with two PV systems con-
nected to an LV power grid. Further, a small signal model of a grid-connected
PV system was derived to mathematically quantify the level of interaction be-
tween multiple PV systems when dynamic voltage regulation is enabled. The
experimental platform that was established by integrating two PV systems was
effectively used to validate the simulation results obtained to identify dynamic
interaction between multiple PV systems and also to validate the accuracy of
the small signal model derived. Finally, DSTATCOMs that were supplied by the
industry partner of this research project were integrated to the implemented ex-
perimental platform to perform rigorous experimental tests to identify dynamic
interaction between DSTATCOMSs as well as between DSTATCOMSs and PV sys-
tems when they operated close to each other.

The establishment of novel control and coordination strategies for an LV power
grid with high level of penetration of PV systems was carried out considering the
availability of communication systems. Considering that there exists no commu-
nication media, a power sharing methodology was proposed for PV systems that
are connected to a radial distribution feeder by allocating a grid voltage band-
width for each PV system to operate. The closed-loop PCC voltage controllers
were utilised to implement the proposed power sharing methodology. The effec-
tiveness of the proposed power sharing methodology was evaluated through sim-
ulation and experimental studies following integration of the control algorithms

to both the simulation models and the experimental setup.

1.3 Outline of the Thesis

A brief description on the contents of the remaining chapters is given here.
Chapter 2 is a literature review providing an overview on the design, operation
and control of a grid-connected PV system. Further, the power electronic con-

verter topologies and overall control and modelling philosophies of grid-connected
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PV systems are reviewed. The technical challenges that the power distribution
utilities may face with integration of multiple PV systems to LV power grids are
discussed in this chapter. This chapter also describes the importance and the
necessity for development of advanced PCC voltage controllers for PV systems,
identifying dynamic interaction among multiple grid-connected PV systems and
establishing novel control and coordination strategies for multiple grid-connected
PV systems. Chapter 2 also provides the background knowledge for the work
presented in Chapters 5 — 7.

In Chapter 3, a generalised model of a grid-connected PV system that is ca-
pable of injecting both active and reactive power to the grid is developed. The
selection criteria of the critical components in the PV system are described and
design details and selection of control parameters of the control system of the
PV system are elaborated. Finally, the dynamic performance of the developed
simulation model is presented under rapid variation of solar irradiance and grid
voltage. In the last section of this chapter, the dynamic characteristics of the
simulation model are verified against the dynamic performance of implemented
experimental PV systems. The simulation model developed in this chapter and
the established experimental platform forms the basis for most of the work pre-
sented in this Thesis.

Chapter 4 focuses on the design and development of dynamic PCC voltage
controllers for grid-connected PV systems. Firstly, the plant models of the PCC
voltage controllers that regulate the PCC voltage of a PV system dynamically
which control the active and reactive power response of a PV system are derived
theoretically. With regard to this, three different types of compensators are
evaluated to identify a suitable compensator for the closed-loop PCC voltage
controllers and the sensitivity of the controller gains and the grid impedance
on the response time of the closed-loop PCC voltage controllers are discussed.
Secondly, two advanced PCC voltage control strategies developed based on the

closed-loop PCC voltage controllers are presented.



The important findings of the extensive studies performed with the devel-
oped simulation models and the experiments carried out with the implemented
experimental platform and DSTATCOMSs provided by the industry partner of
this research project, in order to identify any dynamic interaction among multi-
ple PV systems and DSTATCOMs, are illustrated in Chapter 5. Methodologies
are discussed to mitigate the identified dynamic interactions. In the final part
of this chapter, a small signal model of a grid-connected PV system is derived,
taking into consideration the critical dynamics represented at the terminals of a
grid-connected PV system that regulates the PCC voltage dynamically with PCC
voltage controllers derived in Chapter 4. In Chapter 6, a simplified model of a
grid-connected PV system that optimally represents the terminal characteristic
of a grid-connected PV system that dynamically regulates the PCC voltage is
derived analysing simulation and experimental results presented in Chapters 3, 4
and 5.

Chapter 7 establishes novel control and coordination strategies for a power
distribution grid with high penetration of PV systems. In this chapter, a power
sharing methodology that utilises the closed-loop PCC voltage controllers pre-
sented in Chapter 4 is established. The developed power sharing methodology
is applicable for PV systems integrated to a radial power distribution feeder and
that is based on allocating a voltage bandwidth for each PV system to oper-
ate. The methodology to determine the voltage bandwidth of each PV system
is elaborated. The experimental and simulation results obtained to verify the
robustness of the proposed power sharing methodology are presented in a latter
part of this chapter followed by a discussion on identified limitations in effectively
implementing the proposed power sharing methodology in actual PV systems.

Finally, in Chapter 8, the major outcomes of the work presented in this Thesis

are summarised, and recommendations and suggestions are made for future work.
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Chapter 2

Literature Review

2.1 Introduction

This chapter provides an overview of the operation and control of grid-connected
PV systems, covering associated challenges when these PV systems are operated
in a multiple PV installation. Section 2.2 gives a brief introduction to PV energy
conversion and modelling aspects of a PV array. Sections 2.3-2.5 cover widely
used power electronic converter topologies for integrating PV systems to the grid,
giving significant attention to the operation and control of a PV system integrated
to a grid via a current-controlled voltage source converter (VSC); the focus of this
Thesis. The impact of integrating multiple PV systems to a public LV electricity
network is discussed in Section 2.6. The application of PV systems in the voltage
control in LV power grids is discussed in Sections 2.7 and 2.8 and provides the
basis for Chapter 4 of this Thesis. Two key sections of this chapter, Sections 2.9
and 2.10, discuss the dynamic interaction between multiple converter systems and
coordination strategies that are applicable to the operation of multiple converters
integrated to a grid respectively. These two sections form the background for

Chapters 5, 6 and 7. Finally, this chapter is summarised in Section 2.11.

11



2.2 Solar photovoltaic energy

The solar photovoltaic energy is the energy converted from sunlight to electricity.

This energy conversion is achieved by using solar panels. PV cells are the main

building blocks of a solar panel. A conventional PV cell is made of semiconductor

materials such as silicon that exhibit the photovoltaic effect.

2.2.1 Equivalent circuit of a PV cell

Idpv Ishpv Rsrpv

ISCPV <T> Vdpv Rshpv va

y — NN

Figure 2.1: Equivalent circuit of a PV cell

The equivalent circuit of a PV cell is shown in Fig. 2.1. The DC current that

is generated when a PV cell is exposed to sunlight is Iy, and varies linearly

with solar irradiance. The output current of the model of a PV cell, I, shown

in Fig. 2.1 can be determined according to (2.1) [1]-[2].

In (2.1),

[dpv =

Lapy
Lsepy
Vv
Rinpy
Ryrpy
I

pv

Vv I vV SIpv
Ly = Lpy — Lapy — (%)
shpv

Lygpy [e2VorHoeRp)/mak T 1]
current conducted by the diode
saturation current of the diode
output voltage of the PV cell
shunt resistance

series resistance

output current of the PV cell
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q  electron charge (1.602 x 10719 As)
nqg diode quality factor (1 <n < 2)
Boltzmann’s constant (1.38 x 107% J/K)

T, absolute temperature (in K)

2.2.2 Terminal characteristics of a PV cell

Approximate terminal characteristics of a PV cell, derived using (2.1), are shown
in Fig. 2.2. According to (2.1) the terminal characteristics of a PV cell are
dependent on the irradiance and temperature at the solar cell.

A A

1000 W/m?
€ 1S
o 800 W/m? o 30°C
5 / 5 MPP
MPP 50°C
- 0 -
Voltage Voltage

(@) (b)

Figure 2.2: Terminal characteristics of a PV cell

Fig. 2.2(a) shows the characteristics of a PV cell when irradiance is varied.
According to Fig. 2.2(a), the short-circuit current of a PV cell is proportional
to irradiance and open-circuit voltage increases slightly as irradiance increases.
Fig. 2.2(b) shows the characteristics curves of a PV cell when the temperature at
the PV cell is varied. According to Fig. 2.2(b), the open-circuit voltage of a solar
cell decreases as the temperature increases.

The terminal characteristics of a PV cell are non-linear as shown in Fig. 2.2.
The non-linear behaviour is mainly due to the non-linear characteristics of the
diode current, I, shown in Fig. 2.1. As a result, the maximum power that can
be extracted from a PV cell occurs when the PV cell is operated at the voltage of

the maximum power point (MPP). As the terminal characteristics of a solar cell
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are dependent on the irradiance and temperature the MPP of a PV cell moves

as illustrated in Fig. 2.2.
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Figure 2.3: Variation of solar irradiance and temperature

The irradiance level and temperature at a solar cell undergo rapid changes as
a result of changing environmental conditions. Such possible variations of solar
irradiance during a day is shown in Fig. 2.3. Since a solar cell can experience
significant changes in irradiance and temperature, the terminal characteristics of

a solar cell continuously vary.

2.2.3 Maximum power point tracking (MPPT)

Additional control methodologies are required to ensure the operation of a PV cell
at MPP which varies with the level of solar irradiance and the ambient temper-
ature, in order extract maximum power from a PV array. Therefore a maximum
power point tracking (MPPT) algorithm that is capable of identifying a change
in the available maximum power of a PV array and moving the operating point
to the MPP is integrated to the control system of grid-connected PV systems.
There are different MPPT algorithms that have been developed for PV sys-
tems. The perturb and observe (P & O) method has been identified as a simple

MPPT algorithm because of the simplicity in the algorithm. The P & O method
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needs only one sensor. The P & O method has been identified as a slow tracking
algorithm compared to other available MPPT algorithms discussed in the litera-
ture. Sometimes, the P & O method fails in the presence of rapid variations of
the environmental conditions [3]. The continuous oscillations around the MPP is
a major drawback of the P & O method.

The next advanced MPPT algorithm is the incremental conductance (InC)
method. The InC method tracks the MPP quickly and accurately compared to
the P & O method [4]. In the InC method, once an MPP is found, theoretically
there are no oscillations around that point, as in the P & O method, until the
MPP changes due to variations in available solar irradiance and atmospheric
temperature. The InC method requires output current and voltage feedback of the
PV array. Hence a current sensor and a voltage sensor are needed to implement
the InC method. It is one sensor more than that is needed to implement the
P & O method. The InC method is a reasonably accurate, less complex and
easily implementable MPPT algorithm compared to quite sophisticated MPPT

algorithms that are discussed in recently published literature.

2.3 Power converters for integrating PV systems to the
grid

PV arrays are inherently DC power sources. Therefore, to integrate such systems
to an AC power distribution system, DC power from a PV array should be con-
verted to AC power. In order to perform the DC to AC power conversion, power
electronic converter systems are required. These utility interconnected power
electronic converter systems that convert DC power to AC power are categorised
based on the application, operation and control.

The authors of [5] categorise converters that interface PV systems to the
grid according to different power electronic circuit configurations presented in

1

Fig. 2.4 as a summary. The PV array configuration’ and the nominal voltage

!Mainly the open circuit voltage of the PV array.
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Figure 2.4: Different configurations of power electronic converters that interface
PV systems to the grid

of the AC grid to which the PV system is connected, determines the necessity
of having a DC-DC power conversion stage to provide a suitable DC voltage for

the inverter stage?. The DC-DC power conversion stages can be eliminated with

careful selection of the PV array to closely match with the required DC voltage
required for the inverter ultimately leading to higher efficiency [5]. This may
not be always possible with small capacity PV installations which may need to
boost the output voltage of the PV array in order to achieve the required DC
side voltage of a PV system. In such situations a DC-DC boost converter can be
used to boost the output voltage of the PV array as suitable for integrating to
the grid.

Generally, galvanic isolation of inverters is considered to be a safety require-
ment. However, standards for grid connected energy systems via inverters permit
the elimination of such isolation, provided the inverters are carefully designed to
mitigate the problems with DC current injection, islanding, flicker and harmonics
6], [7], [8], [9] and [10]. Since an isolation transformer introduces increased losses
and also adds to the cost of a PV system [11], [12], converters (inverters) without
galvanic isolation are usually preferred for relatively small domestic rooftop PV
installations.

Categories of converters can be grouped according to the commutation process
used in the design; as either line commutated converters or force commutated

converters. The latter is applicable in utility interactive systems such as grid-

2This refers to DC to AC power conversion.
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connected PV systems where limitations on the harmonic current injection are
required [9].

DC-AC converters can be further categorised based on voltage and current
waveforms at their DC-links as either; voltage source converters or current source
converters (CSC). In a VSC, DC-link terminals are connected in parallel with a
relatively large capacitor and hence simulates characteristics of a voltage source.
The DC-link voltage of a VSC retains the same polarity and the direction of
the converter average power flow as determined by the polarity of the DC-link
current. In a CSC, the DC-link is connected in series with a relatively large
reactor and hence simulates the characteristics of a current source. The DC-link
current retains the same polarity and the direction of the average power flow
is determined by the DC-link voltage. In order to be able to fully control the
power flow through a CSC, it should be made from fully controllable bipolar
power electronic switches. Currently, such switches are commercially available
only for very high power converter markets. Unlike in a CSC, power flow of a
VSC can be fully controlled if the converter is made of reverse conducting power
electronic switches. Such power electronic switches are commercially available as
IGBT or MOSFET and those are suitable for low power converter applications
[13]. Therefore, VSCs have become the most suitable type of power electronic

converters to interface low power PV systems to the grid.

2.4 Operation and control of a VSC

2.4.1 Basic operation of a VSC

The basic structure of a single-phase VSC that interfaces a DC power source to

the grid is shown in Fig. 2.5. The single-phase VSC is made of an H-bridge3. In

Fig. 2.5, Cy. is the DC-link capacitor and Vj. is the DC-link voltage.

The control of power flow across a VSC is similar to the control of power flow

3This is also referred to as a full-bridge.
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Figure 2.5: Basic structure of a single-phase VSC

of a synchronous machine. The magnitude and the phase angle of the output
voltage of a synchronous machine determine the amount of power flow. Similarly,
in the single-phase VSC shown in Fig. 2.5, the amount of power injected or
absorbed by a VSC is adjusted by controlling the magnitude and the angle of the
terminal voltage at the output of the H-bridge, v, of the VSC with reference to
the grid side voltage, vs. In a VSC there is a complex control system to control
the power flow across the VSC that ultimately determines the magnitude and the
phase angle of v.

Sinusoidal pulse-width modulation (SPWM) techniques are used to generate
a desired voltage at the output of the H-bridge. There are two SPWM techniques
commonly used in VSCs; bipolar-SPWM and unipolar SPWM. In both of these
PWM techniques, a sinusoidal reference signal known as the modulation signal
(m) is compared against a high frequency triangular signal as shown in Fig. 2.6(a).
The magnitude of m is proportional and the phase angle and frequency of m is
similar to the magnitude, phase angle and frequency of voltage that should be
generated at the output of the H-bridge. The output of the comparison of m and
the high frequency triangular signal is a pulse-width modulated switch-ON and
switch-OFF pattern similar to the pattern shown in Fig. 2.6(b). The switching
pattern is then applied to the power electronic switches of the H-bridge.

Fig. 2.7 and Fig. 2.8 illustrate the output voltage of the H-bridge of Fig. 2.5, v,
when bipolar-SPWM and unipolar-SPWM techniques are used respectively. As
shown in Fig. 2.7 and Fig. 2.8, the output voltage of the H-bridge is a pulse-width

modulated switching voltage waveform of which the fundamental voltage is equal
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Figure 2.6: Generation of PWM switching pulses

to the desired voltage at the output of the H-bridge. Since the output voltage
of the H-bridge, v, is a switching voltage waveform, the resulting current can be
highly distorted. In order to minimise the distortion in the current injected by

the VSC to the grid, a filtering mechanism is needed.
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Figure 2.7: Output voltage of a H-Bridge of a VSC that uses bipolar-SPWM
technique

A VSC is integrated to the grid via a coupling inductor*. The coupling induc-

tor reduces the ripple in the output current of a VSC and minimises the effect
of the PWM switching voltage developed at the output of a VSC. However, a

coupling inductor has limited capability of attenuating the switching current rip-

4Also referred to as a smoothing reactor.
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Figure 2.8: Output voltage of a H-Bridge of a VSC that uses unipolar-SPWM
technique

ple of a VSC. In order to obtain improved filtering than that is achievable using
only a coupling inductor, LCL filters are often used in grid-connected VSCs. The
structure of an LCL filter is shown in Fig. 2.5. The switching ripple current atten-
uation provided by a coupling inductor and a comparable LCL filter is shown in
Fig. 2.9. According to Fig. 2.9, an LCL filter attenuates high frequency switching
ripple current of a VSC better than a coupling inductor. An LCL filter should
be carefully designed in order to obtain desired results. Further, the dynamic
performance of the control system of a grid-connected VSC is affected by the
design of the LCL filter. Therefore, the design procedure of an LCL filter of

a grid-connected VSC is further explored and presented in Appendix A of this

Thesis.
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Figure 2.9: Frequency response of a coupling inductor and an LCL filter
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2.4.2 Four-quadrant operation of a VSC

A VSC can be controlled to inject or absorb real and reactive power to the grid.
The real and reactive power exchange between a VSC and an AC system can be
controlled independently. Therefore, any combination of real power injection or
absorption along with reactive power injection or absorption is achievable [14].
Such an operational capability of a VSC is referred to as four-quadrant operation
and that can be represented in four quadrants of a Cartesian coordinate system
as shown in Fig. 2.10. The sample operating scenarios of a VSC indicated in

Fig. 2.10 are as follows.

Quadrant 2 A Quadrant 1
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Figure 2.10: Four-quadrant operation of a VSC

Quadrant 1 - Charging a battery bank while operating at a leading power

factor.

Quadrant 2 - A PV system operating at a leading power factor.

Quadrant 3 - A PV system operating at a lagging power factor.

Quadrant 4 - Charging a battery bank while operating at a lagging power

factor.

Fig. 2.10 introduces counting directions used in this Thesis for active and re-

active power flow outputs of a grid-connected VSC. In this Thesis, active power
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injected and reactive power absorbed (inductive operation) by a VSC are counted
negative and active power absorbed and reactive power injected (capacitive op-
eration) by a VSC are counted positive.

The real and reactive power injection or absorption by a VSC is limited only
by the converter current carrying capacity. The operating limits of an ideal
VSC are illustrated in Fig. 2.11. In Fig. 2.11, the kVA rating of the converter
is represented by a vector of magnitude S,. As per Fig. 2.11, when a VSC is
injecting active power P, to the grid, the VSC is able to either absorb ), amount
of reactive power from the grid or inject (), amount of reactive power to the grid.
This means that a VSC is capable of absorbing or injecting the same magnitude
of reactive power for a given F,. It is evident from Fig. 2.11 that when active
power is zero, the converter is capable of operating at its maximum reactive power

limit that is equal to the rated kVA capacity of the VSC.

AQ

VhU

Figure 2.11: Operating limits of an ideal VSC

2.4.3 Control systems in a VSC

A VSC can be categorised based on the control philosophy as either voltage-
controlled or current-controlled. In a voltage-controlled VSC, the real and reac-

tive power output are controlled by adjusting the phase angle and the magnitude

22



of the output voltage of the VSC relative to the PCC voltage. There are fewer
control loops in this type of a VSC and there is no closed-loop to control its
output current. Hence the VSC is not protected by the control system against
over current.

In a current-controlled VSC, the output current of the VSC is controlled by a
closed-loop current controller. Hence, such a VSC is inherently protected against
over current. In a current-controlled VSC, the control of the active and reactive
power outputs is achieved by controlling the output current by adjusting the
magnitude and phase angle of the output voltage of the VSC with respect to the
grid voltage. Since a current-controlled VSC provides better protection against
over current, avoiding disconnection in such situations, these are increasingly
being used to integrate PV systems to the grid. In a current controlled VSC, the
closed-loop current controller and grid synchronisation mechanism are the two

main control systems.

Current controller of a VSC

In three-phase VSCs, synchronous reference frame® current controllers are widely

used. Such a current controller provides flexibility by independently controlling
the injected or absorbed active and reactive power. The synchronous reference
frame current controller requires the transformation of measured AC signals, out-
put current and voltage of a VSC, into DC signals using the Park Transformation.
The measured output current and voltage of a VSC that is transformed to DC
signals are the inputs to a synchronous reference frame current controller. These

DC signals are passed through a proportional and integral (PI) regulator® in the

synchronous reference frame current controllers and generate control inputs to
the PWM generator of the VSC in synchronous reference frame.

The application of a synchronous reference frame current controller to a single-

5Also known as rotating frame or dgq frame.
6 A PI regulator is used to achieve zero steady-state error since such a regulator provides an
infinite gain for DC signals.
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phase VSC is not straightforward in the absence of two independent phases. The
Park Transformation is a key component in synchronous reference frame current
controller and requires at least two independent orthogonal phases. Therefore,
applying this transformation to a single-phase VSC is difficult. However, in re-
cently published literature, alternative methods have been proposed to minimise
such difficulties. In a single-phase VSC, in order to realise an independent or-
thogonal second phase, an imaginary phase can be created by phase shifting the
available phase by m/2 rad. According to the published literature, this orthogonal
imaginary phase can be created in two ways; time delaying original signal by 7T'/4
where T is the period of original signal [15] or by differentiating original signal
[16]. The time delay method requires storing sampled data of the original wave-
form for a period of T'/4. This can be realised with available low cost DSPs in the
market today [16], [17] and [18]. However, the time delay method has a major
drawback. If the time delay method is used to generate an imaginary orthogonal
signal, there is always a delay of T'/4 for changes to appear from the original
signal in the created imaginary orthogonal system. This may lead to instabil-
ities in the current controller. Further, the use of such techniques to generate
an imaginary orthogonal signal may cause difficulties in tuning the regulator of
the current controller [19]. The technique of generating an imaginary orthogonal
signal developed in [16] requires differentiating the measured current or voltage
of a single-phase VSC. Generally, the output voltage and current of a VSC are
distorted in the presence of switching harmonics and low order harmonics. The
differentiation of such signals may create highly distorted signals.

In a single-phase VSC, transformation of measured output voltage or current
signals using Park Transformation is not required if there is a regulator which is
capable of tracking a sinusoidal reference with zero steady-state error. If such a
regulator is available in the current controller of a VSC, the measured AC signals
can be directly processed by such a regulator to gain zero steady-state error. A PI

regulator has poor tracking capability of sinusoidal reference signals. Therefore,
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in order to track sinusoidal signals with zero steady-state error, a stationary
frame regulator named proportional resonant (PR) controller has been proposed
in [20]. This regulator is readily applicable for both three phase and single phase
VSCs. A PR regulator achieves zero steady-state error for signals at the designed
frequency. Hence, signal transformation from AC to DC and back to AC, as is
required for a synchronous reference frame current controller, is not necessary.
Furthermore, the formation of an imaginary orthogonal signal is not necessary
in stationary frame current controllers. Hence, the dynamic performance of a
stationary frame current controller in a single-phase VSC is superior compared

to the synchronous frame current controller of a single-phase VSC.

Grid synchronisation of a VSC

In a VSC, a grid synchronisation mechanism is used for synchronising the VSC
to the grid. Further, in a current-controlled VSC, the grid synchronisation mech-
anism is also used for generating an accurate current reference signal in order to
inject the desired amount of active and reactive power to the grid. There are
different grid synchronisation mechanisms that are used to synchronise a VSC to
the grid according to recently published literature. Depending on the application
and type of current controller used in the VSC, a suitable grid synchronisation
method should be chosen.

One of the simplest grid synchronisation methods is the voltage zero crossing
detection. Since voltage zero crossings occur every half a cycle, the dynamic per-
formance of the voltage zero crossing detection method is quite low [21]. However,
the voltage zero crossing detection method for synchronising a VSC to the grid
can fail in the presence of harmonics in the grid because of multiple zero crossings
[22].

Other grid synchronisation methods are mostly based on a phase-locked-loop
(PLL). Among different PLL methods, synchronous reference frame based PLL
(s-PLL) has been identified as suitable for a single-phase VSC [21], [23]. In the
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s-PLL, the peak value of the measured grid voltage can be obtained easily.

2.5 Grid-connected PV system

LV power grids in Australia are undergoing significant changes with the connec-
tion of a large number of small capacity PV systems. Small scale PV systems
(0 — 10 kW) are the type of renewable energy units that are mostly connected
to these networks. Commercially attractive rebates and concession schemes that
were introduced by the Australian government for installing small scale PV sys-
tems along with price reductions in PV panels and power electronic converter
systems, are the main reasons for the increased number of grid-connected small
scale PV systems in LV power grids. The majority of small scale PV systems are
domestic roof-top type installations and are generally single-phase systems [24].

The basic structure of a grid-connected single-phase PV system is shown in
Fig. 2.12. This is a generic representation of a domestic roof-top PV system. The
PV system consists of a DC-DC converter, a VSC and an LCL filter. The PCC

is where the PV system is connected to the grid.
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Figure 2.12: Basic structure of a grid-connected PV system

In the grid-connected PV system shown in Fig. 2.12, the DC-DC converter
steps up or steps down the output voltage of the PV array to a suitable level at
the output of the DC-DC converter. An MPPT algorithm determines the MPP
of the PV array at a given time and the DC-DC converter is controlled in such
a way that the PV array is operated at the MPP. The output of the MPPT

algorithm is an input to the controller of the DC-DC converter.
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The PV system shown in Fig. 2.12 is integrated to the grid via a VSC. A VSC
with an ability to control output voltage magnitude and phase angle with refer-
ence to the voltage at the PCC and is able to operate in all four quadrants, pro-
vides a significant flexibility in controlling the active and reactive power injected
or absorbed by or from the grid. Therefore, VSCs are becoming more attrac-
tive in PV grid integration especially with the additional capability of providing
reactive power support, voltage regulation [25] and managing battery storage.

The output power from a PV array is a function of solar irradiance and ambi-
ent temperature. Since solar irradiance and ambient temperature vary, the power
output of a PV array is not constant. If the grid-connected PV system shown
in Fig. 2.12 is controlled to inject a constant amount of power to the grid at
times when power level varies at the PV array, the DC-link capacitor, Cy. may
be charged or discharged affecting the DC-link voltage, V.. However, maintain-
ing a constant DC-link voltage is necessary in order to minimise the appearance
of low-order harmonics at the output of the VSC as a result of PWM switching
of the power electronic switches of the VSC. Therefore, in a grid-connected PV
system a controller is used to control the DC-link voltage at a suitable level by

controlling the active power flow of the PV system.

2.6 Impact of the integration of multiple PV systems on

an LV power grid

Operational or power quality problems may occur in LV power grids as a result
of integration of a large number of small scale multiple PV systems. The inte-
gration of small scale multiple PV systems means that LV power grids may have
an increased susceptibility to voltage fluctuations due to injected active power
variations from the PV systems, depending on conditions such as the time of
day and weather. Such variations in output power can cause voltage fluctuations

(either slow or fast) in LV power grids where concentrated PV installations exist
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[26]. Since PV systems are interfaced to LV power grids through power electronic
converters, which is equivalent to a condition where there is no mechanical iner-
tia, the speed of response of PV systems in relation to reduction or increase in
available power can be very fast indeed [27]. Therefore, in a power distribution
feeder to which multiple PV systems are integrated there is a possibility that
feeder voltage can vary significantly as a result of variable power injections from
PV systems.

There may be operational and control interactions between PV systems or
with the grid if multiple PV systems are integrated into the LV power grid [25],
(28], [22] and [29]. These interactions may cause unintentional tripping of PV
systems, possibly making the grid unstable or a system may fail to disconnect
when it is necessary to do so, creating a hazardous situation. Therefore, possible
mechanisms and causes for operational and control interactions should be identi-
fied first, to propose any mitigation techniques to avoid undesirable interactions
between multiple PV systems for a stable operation of LV power grids. Further-
more, there can be potential instabilities within a grid-connected PV system if
the operating point of the PV array is moved towards the constant current region
of the characteristic curve of a PV array [30]. The prior identification of the
possibility of occurring such problems in an LV power grid containing multiple
PV systems is critical for both power utilities and PV system designers.

In order to investigate possible rapid and slow voltage fluctuations at the
grid interface, operational and control interactions in the presence of multiple
grid-connected PV systems and also to evaluate potential instabilities, a detailed
model of a grid-connected single-phase PV system is necessary. The knowledge
on component level modelling of a grid-connected PV system is available with
recently published literature for both 3-phase and single-phase systems [31],[32].
However, a complete model of a grid-connected single-phase PV system with
associated control design methodologies is not readily available. Therefore, the

development of a detailed model of a grid-connected single-phase two-stage PV
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system with component level models and associated control design procedures
is necessary. In order to confidently use the simulation models in system level
studies, evaluation and validation of such simulation models are necessary. This
can be achieved by establishing a comparable experimental setup of which the
practical results can be compared with the results obtained from the simulation

model.

2.6.1 Steady-state voltage rise with connection of PV systems to

a power distribution feeder

The steady-state voltage rise when grid-connected PV systems inject active power
to the grid can be explained by using a model of a PV system connected to a
power distribution feeder as shown in Fig. 2.13. In Fig. 2.13, a part of the grid is
modelled with an equivalent Thévenin voltage source of which the rms voltage is
Vs. The grid impedance seen at the PCC by the PV system is Ry 4 j X,. The rms
voltage at the PCC of the PV system is V. The PV system injects active and
reactive power, P, and (), respectively, to the grid resulting in an rms current of
I,.

-«— Power distribution grid —»
PCC

1] X By
|||4< — A ——( Q)

PV system
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Pg,Qg,Ig VS
Vg

Figure 2.13: Simplified model of a power distribution feeder

If the PV system in Fig. 2.13 is injecting only active power to the grid at

a given time, a phasor diagram can be drawn as shown in Fig. 2.14(a). In

Fig. 2.14(a), Iy, is the rms value of the active current injected to the grid. If the

active power injected by the PV system is increased, the phasor diagram should

be updated as shown in Fig. 2.14(b) where Iy, > Iy, 01 > 0 and Vg > V.
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As shown in Fig. 2.14(b) when the active power injected by the PV system is
increased, the PCC voltage of the PV system also increases as a result of the

additional power flow.

Iip Iy Ry Vy
V. Iyp Xy
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Ijpn Iy Iyp1 Ry Vo Va
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Figure 2.14: Phasor diagram of a grid-connected PV system

The PCC voltage can be reduced if reactive power is absorbed by the con-
verter that integrates the PV system to the grid. The phasor diagram shown in
Fig. 2.14(c) illustrates this scenario. In Fig. 2.14(c) Iyq2 is the rms value of the
reactive current that is absorbed by the converter. As Fig. 2.14(c) illustrates that
the PCC voltage can be reduced by absorbing reactive power (Vg < Vg1).

The sensitivity of the PCC voltage of a PV system for either active power or
reactive power can be derived theoretically. The complex power at the PCC of

the PV system shown in Fig. 2.13 is given by (2.2)

Vely = =Py + Qg (2.2)

Further,

30



1

Vg - Vs = Iy(Rg + jXg). (2.3)
From (2.2) and (2.3),

L o [(=P+iQ.\ |
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‘/'g*

If the phase angle deviation of V. with reference to \_/;g is assumed negligible

and considering 17g to be the reference phasor, (2.4) can be simplified as,

vy — BBt QuX,
g S va )
—FP,R X
A‘/g — g g‘/—j_ Qg g) (25)
g

where AV, = V, — V; which is the steady-state voltage rise. As per the
simplified expression (2.5) the steady-state voltage rise, AV, increases as active

power injected to the grid, P," increases and AV, can be decreased by absorbing

reactive power from the grid. If active power injected by a PV system can be
controlled, AV, can also be controlled by controlling both active power, P, and

reactive power, (), injected by the PV system.

2.6.2 Voltage level variations in an LV power grid integrated with

multiple PV systems

The integration of multiple PV systems to an LV power grid is now known to
cause grid voltage rise problem [33], [34] and [35]. The grid voltage may exceed the

specified highest voltages in the applicable standards such as Australian Standard

"Note that active power injection to the grid is counted negative.
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AS4777.2 [7] and IEEE Standard 929-2000 [9], especially in situations when the
power generation from PV systems is at a peak and the load on the grid is at
a minimum. According to Australian Standard AS4777.2 [7] the maximum grid
voltage up to which a PV system can remain connected is 230 V + 10%. The
disconnection of PV systems from the grid leads to loss of energy yield from the
installed PV systems and income for the resource owner. If the voltage regulation
at the PCC of the PV system is possible by any means, increased and continuous
active power injection can be achieved from the connected PV systems.

In a power distribution feeder where multiple PV systems are integrated, there
is a possibility for reverse power flow in the feeder. This scenario depends on the
load demand and available power from PV systems. Conventional distribution
voltage regulation devices such as fixed capacitors, tap changers at distribution
transformers and step voltage regulators are not capable of regulating the feeder
voltage in such a situation [9]. However, if dynamic voltage regulators are added
to the system, conventional devices can be properly coordinated to operate the
grid within safe limits [36].

Impact on the voltage levels of an LV power grid integrated with a large
number of PV systems can be quite significant. High penetration of PV systems
may cause over-voltages or severe voltage fluctuations in the grid. Therefore, in
order to operate a grid within safe margins while harnessing the maximum active
power from PV, fast and dynamic voltage regulating systems must be installed

and operated in the grid.

2.7 Voltage control in an LV power grid integrated with

multiple PV systems

The PCC voltage of a PV system is sensitive to both active and reactive power
injected by a PV system and the grid impedance according to (2.5). PV systems

are integrated to the grid via power electronic converters and, more specifically,
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often via VSCs [5], [37]. A VSC is capable of operating in all four quadrants when
designed appropriately and such systems have been shown to be a fast, efficient
and cost effective means of regulating voltage and power factor for nearby loads
[38], [39], [40] and [41]. Further, the active and reactive power outputs of a PV
system that is integrated to the grid via a VSC can be controlled independently.
Therefore, fast voltage control in an LV power grid can be achieved by PV systems
integrated to the grid via VSCs. Therefore, it is beneficial for both utilities and
consumers to utilise the added value capabilities of modern PV systems to improve
power quality in the grid.

The Australian and IEEE standards applicable for grid-integrated PV sys-
tems, Australian Standard AS4777.1 [7] and IEEE Standard 1547-2003 [10] re-
spectively, permit the use of PV systems for the purpose of voltage support but
do not permit active voltage regulation at the PCC of a PV system. However,
in Australian Standard AS4777.1 [7] there is a provision given for active voltage
regulation by grid-integrated PV system. According to that particular standard,
the utility who owns the LV power grid to which a PV system is integrated has
the authority to permit active voltage regulation by the PV system.

The static voltage support methodologies provided by PV systems, such as
constant and variable power factor, have been identified as inefficient as these
methods may cause additional reactive power flow in the grid even when the grid
voltage is well within the limits and may lead to overloading of the distribution
transformer [33]. A droop based reactive power control method (referred to as
Q(U) method) has been proposed in [42] which aims to minimise the drawbacks of
the static reactive power control methodologies. In order to implement the Q(U)
reactive power control method effectively, grid specific studies or additional deci-
sion making control algorithms such as the fuzzy logic based adaptive controller
presented in [43] are necessary. Further, Q(U) reactive power control method
is not able to maintain the PCC voltage of a PV system below the maximum

allowable voltage all the time.
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The PCC voltage of a PV system can be regulated by a closed-loop controller
that dynamically controls the reactive power response of the PV system. Such a
controller has been identified as an efficient way of regulating PCC voltage with
reactive power [33]. The ability to regulate the PCC voltage with a closed-loop
controller that dynamically controls the reactive power injected to the grid by the
PV system is limited. This limitation is mainly due to the limited rating of the
VSC that interfaces the PV system to the grid. When the PV system is injecting
a certain amount of active power to the grid, only the excess capacity of the
VSC, if any, can be used to inject/absorb reactive power. The available limited
reactive power capacity of the PV system at a given time may not be adequate
to regulate the PCC voltage at 230 V 4+ 10% or at any other specified voltage
reference depending on the voltage sensitivity of the PCC. In such a situation
active power curtailing is an option to control the PCC voltage in the absence of
energy storage systems [35], [44] and [45]. Similar to closed-loop reactive power
control of a PV system, closed-loop active power control can be proposed as an
effective way of regulating PCC voltage of a PV system.

In the published literature, little attention has been given to adequate tech-
nical details and guidelines for practically implementing closed-loop controllers
that control the active and reactive power response of a PV system in order to
regulate the PCC voltage of the PV system. Therefore, detailed design proce-
dures of closed-loop active and reactive power controllers that are capable of
dynamically regulating the PCC voltage of a grid-connected PV system need to
be developed. The sensitivity of active and reactive power controllers to the gains
of the controllers and the grid impedance should be evaluated. Once closed-loop
active and reactive power controllers are developed, by combining the operation
of closed-loop active and reactive power controllers, novel operating strategies
can be proposed for grid-connected PV systems. The robustness of the designed
closed-loop active and reactive power controllers and the feasibility of implement-

ing novel operating strategies for grid-connected PV systems should be validated
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experimentally.

2.8 Application of distribution static synchronous com-

pensator (DSTATCOM)

A DSTATCOM is a VSC which is primarily used to exchange reactive power with
the AC system. In power distribution systems, DSTATCOMs are mainly used for
voltage regulation [13], [14]. A DSTATCOM is usually operated as a shunt con-
nected static var compensator of which capacitive and inductive output current
can be controlled independent of the AC system voltage. Hence a DSTATCOM
can be used to either provide voltage support or active voltage control in an LV
power grid.

A PV system that is integrated to the grid via a VSC can be operated as
a DSTATCOM. The active power injection by a PV system is possible only at
times when there is adequate solar irradiance. When there is not enough solar

irradiance® ideally the rated capacity of the VSC that interfaces PV system to

the grid can be operated as a DSTATCOM. Therefore, PV systems that are
interfaced to the grid via VSCs can be fully deployed to provide voltage support
or active voltage control at times when there is not enough solar irradiance to
generate electrical power, by operating those as DSTATCOMs.

The application of DSTATCOMSs for distribution network voltage regulation
has been examined [46], [47] and [48]. Although this is the case, suitability of
using multiple DSTATCOMs for providing voltage support or grid voltage control
in a grid to which multiple PV systems are integrated has not been evaluated.
Therefore, identifying the suitability of using the DSTATCOM for providing volt-
age support or grid voltage control in a grid to which multiple PV systems are
integrated is necessary. Further, the development of control coordination strate-

gies for operation of multiple DSTATCOMs will also be beneficial.

8For an example, at night time.
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2.9 Operational and control interactions between multi-

ple PV systems

In the presence of multiple PV units that are connected to an LV power grid,
there can be operational conflicts. These units may interfere or interact with
each other’s operation and control. Therefore, it is of utmost importance to iden-
tify the possible conflicts between different converter systems that would disturb
their smooth operation. Mitigation techniques and necessary design modifications
should be recognised. Algorithms must be developed to achieve ride-through ca-
pability of renewable resources and avoid unintentional shut down of PV systems
to avoid abrupt changes in the grid.

In an LV power grid to which multiple PV systems are integrated, the grid
voltage can be controlled by regulating the PCC voltage of each PV system [35],
[49], [34], [33] and [42]. A PV system that is integrated with a closed-loop PCC
voltage controller is able to regulate the PCC voltage of a PV system dynami-
cally at a set reference voltage with zero steady-state error by absorbing reactive
power from the grid. Such a controller has been identified as an efficient way of
regulating the PCC voltage of a PV system [33]. Therefore, multiple PV systems
that are connected to a grid and that are integrated with a closed-loop PCC
voltage controller can be used to control the grid voltage dynamically. However,
when multiple PV systems operate electrically close to each other while dynami-
cally controlling the grid voltage, there may be control interactions between PV
systems.

The control interactions between power system stabilisers (PSS) and flexible
AC transmission system (FACTS) devices operating in high voltage transmission
networks have been well investigated in the published literature [50], [51], [52],
[53] and [54]. However, there is only a limited number of published articles avail-
able on the control interaction between dynamic voltage control devices that are

connected to an LV power grid. This is an emerging topic of discussion amongst
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researchers. The dynamic interaction between DSTATCOMSs connected to a ra-
dial power distribution feeder is analysed in [55] and simulation results of control
interaction between PV systems are presented in [56]. In [55], the research scope
is limited to DSTATCOMSs that are made of voltage controlled VSCs and the sen-
sitivity of the gains of controllers to the stability of the individual DSTATCOM
has been overlooked. The negative interaction between multiple PV systems
identified in [56] of PV systems interfaced to the grid via current controlled VSCs
does not appear if a dead-band is added to the PCC voltage controller of a PV
system.

Control and operational interaction between multiple PV systems can be iden-
tified using accurate simulation models and validated mathematical models. How-
ever, since such simulation and mathematical models are not readily available
those should be developed and validated. The development of such tools will
be beneficial for power utilities who are, at present, quite uncertain about the
impact, a high penetration of PV systems will have on the grid. Further, simu-
lation and mathematical models that will enable the identification of operational
and control interactions between PV systems will also enable the development
of proper coordination and control strategies which could be adopted for volt-
age control and reactive power compensation by PV systems while improving
system stability and efficiency. In order to develop such analytical tools, a thor-
ough knowledge on the operation and control of grid-integrated PV systems and

practical techniques used to establish control systems is necessary.

2.10 Control and coordination of the operation of multi-

ple PV systems

The operation of small scale PV systems is not currently monitored like in the
case of conventional large power generators, since the impact of such PV systems

is tolerable in existing power systems. However once multiple PV systems are
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present in the grid, their collective impact on the system operation and control
will be significant. Therefore these units should be integrated with proper coor-
dination and control practices for acceptable operation of the grid. Further, it
is unclear whether or not all PV systems integrated to an LV power grid should
provide voltage support, or should there be a staged introduction of this support.
For staged introduction of voltage support, development of mechanisms for con-
veying the appropriate changes to control parameters in a coordinated and timely
manner will be necessary. The majority of existing LV power grids does not have
any established communication facilities with it. Therefore, initially, method-
ologies should be developed for proper coordination and control of multiple PV
systems without the use of communication infrastructure and later these devel-
oped methodologies should be extended as suitable for LV power grids integrated
with multiple PV systems in which communication infrastructure exists.

When a certain amount of active and reactive power is injected to the grid
by a PV system, the PCC voltage of the PV system is a function of the voltage
sensitivity at the PCC. Further, the voltage sensitivity at the PCC of a PV
system is a function of the grid impedance seen by the PV system at the PCC.
Therefore, in certain operating situations, the voltage at the PCC of a PV system
where voltage sensitivity is high may reach unacceptable high voltage levels while
the PCC voltages at locations of other PV systems connected to the grid are
lower. In such a situation, the PV system that is connected to the grid at a node
where voltage sensitivity is high may disconnect in order to comply with the
requirements of the Australian Standard AS477.2 [7] while other PV systems will
continue to operate. The discussed scenario highlights that in certain operating
situations, owners of PV systems whose PV systems are integrated to the grid
at nodes where voltage sensitivity is high are disadvantaged over the other PV
system owners whose PV systems are connected to the grid at nodes where voltage
sensitivity is less.

A droop based active power sharing methodology is proposed in [45] for PV

38



systems connected to a radial distribution feeder. Since the droop coefficients de-
rived in [45] are based on the voltage sensitivity, the proposed method in [45] can
be applied to minimise the disadvantages that PV system owners may experience
as a result of their PV systems being connected to nodes where voltage sensitiv-
ity is high. However, droop based active power sharing methodology proposed
in [45] can fail if conditions in the grid such as voltage at the power distribution
transformer and irradiance level, are different to which was considered when de-
riving droop coefficients. Further, safe voltage limits may not be maintained in
the grid by the power sharing methodology developed in [45], in the absence of
closed loop PCC voltage controllers integrated to PV systems. Therefore active
power sharing methodologies that are able to maintain the grid voltage within
safe limits irrespective of operating conditions in the grid should be developed to

apply in multiple PV installations.

2.11 Chapter summary

This chapter has provided general information in relation to the operation and
control of a grid-connected PV system in a multiple PV environment.

Sections 2.6-2.8 emphasised the importance of integrating fast acting dynamic
voltage controllers to grid-connected PV systems. In addition the performance
of voltage support techniques currently used to enhance the integration of multi-
ple PV system to a grid were discussed. Further, existing knowledge and theory
presented in current literature in relation to the modelling aspects of system com-
ponents and control approaches of a PV system were examined establishing the
background for the proceeding chapters. Based on the literature review, it can
be concluded that further research attention should be paid to improve existing
control and coordination techniques used in grid-connected PV systems. Further,
detailed component level modelling of PV systems, detailed investigation of sys-
tem response of PV systems and investigation of dynamic interaction between

PV systems have not received much research attention which forms the basis for
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the work presented in this Thesis.
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Chapter 3

Simulation model of a PV system

3.1 Introduction

The integration of multiple, small scale, PV systems into LV power grids bring
many benefits, but it may also introduce many issues of concern. Among those
issues of concern, grid voltage fluctuations, high voltage levels and operational
and control interactions between PV systems have been identified as key issues as
discussed in Chapter 2. In order to ensure an orderly transition from traditional
LV power grids to those which are rich in distributed generation, such as solar
PV, it is imperative that the operational and functional characteristics of these
devices are well understood.

The identification of potential problems in LV power grids with multiple PV
systems is critical for both power utilities and PV system designers. The possible
mechanisms, causes and impact of issues arising as a result of integrating multi-
ple PV systems to LV power grids should first be identified in order to propose
mitigation techniques required to avoid any adverse impact. In order to inves-
tigate probable voltage fluctuations, high voltage levels, potential instabilities
within a PV systems and potential control and operational interaction between

PV systems a detailed simulation model of a PV system is necessary.
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In Chapter 2, a grid-connected single-phase two-stage PV system in which
the power electronic converter system is made of a DC-DC boost converter and
a VSC has been identified as a generic representation of a PV system that is
connected to an LV power grids. In this chapter, a detailed model of such a PV
system with component level models and associated control systems, is developed

using the PSCAD/EMTDC simulation program.

3.2 Modelling

An illustration of the PV system to be modelled is shown in Fig. 3.1. The
model developed consists of component models of the PV array, DC-DC boost
converter, VSC, LCL filter and the LV power grid. Models of the solar PV system

components are described in this section including the MPPT algorithm utilised.

3.2.1 PV array

20
2
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Vipp = 290 V
ler 1000 W/m? |
14r Viupp = 290.8 V 1
800 W/m?
S » 5 -
= ropp = 200.7 V
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Voltage (V)

Figure 3.2: VI characteristic curves of the PV array

The model of a PV array developed in [57] that is based on the single-diode
PV cell model is adopted. The V—-I and V—P characteristic curves of the adopted

PV array model are shown in Fig. 3.2 and Fig. 3.3 respectively, for different solar
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Figure 3.3: V-P characteristic curves of the PV array

irradiance levels while the ambient temperature is maintained at 30 °C. The
voltage and power levels at the MPP, V;,,, and Py,pp, at each irradiance level are

indicated in Fig. 3.2 and Fig. 3.3 respectively.

3.2.2 MPPT algorithm

The maximum power that can be extracted from a PV array at any given time is
a function of the solar irradiance and the ambient temperature. Since the solar
irradiance and the ambient temperature are changing continuously, an MPPT
algorithm is necessary to track the MPP. In Chapter 2, InC method was identified
as an MPPT algorithm with adequate performance to use in the simulation model
of the PV system. Hence, the InC algorithm is implemented in the developed
simulation model of the PV system.

In the flowchart of Fig. 3.4 that illustrates the InC algorithm, ¢ and (t — 1)
indicate the current sample time and the previous sample time, AV,, and Al
represent the difference between two consecutive samples of the output voltage,
Vv, and current, I, at the PV array output respectively. Vier(t) is the voltage
of the tentative MPP that is determined by the InC algorithm at the end of an

iteration and 0V}, is the magnitude of voltage that is added/subtracted to/from
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Figure 3.4: Flow chart of the InC algorithm [4]

Vovret(t — 1) to determine Viy,ef(t) at the end of each iteration in the process of
finding the true MPP.

The InC algorithm is capable of identifying the true MPP through the iterative
process. Once the true MPP is found, the output of the InC algorithm, Vet (%),
does not change until there is a change in the true MPP of the PV array due to
a change in the irradiance level or the temperature. If the true MPP of the PV
array is changed when the PV array is operating at the true MPP at any given
time, the InC algorithm is capable of identifying such a change and the iterative

process is restarted to determine the new MPP of the PV array.
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3.2.3 Voltage source converter

The VSC in Fig. 3.1 is a full-bridge converter that utilises insulated gate bi-polar
transistor (IGBT) switches. The VSC is able to operate in all four quadrants
provided that necessary control algorithms for such operation are implemented
in the controller of the VSC. The kVA ratting of the VSC, S;, is 5.4 kVA. The
spare capacity of the VSC when injecting a certain amount of active power is
used for injecting or absorbing reactive power. The switching frequency of the
VSC, fow, is 25 kHz and a unipolar sinusoidal pulse width modulation technique

is used [58].

3.2.4 LCL filter

The values of the inductors and the capacitor of the LCL filter of the PV sys-
tem shown in Fig. 3.1 were determined as Ly, = 150 pH, Ly, = 75 pH and

Cy = 2.2 uF, by following the design guidelines established in [59]'. Resistances
of inductances Ly, and Ly, are assumed as Ry = Ry = 0.001 2. The total induc-

tance of the designed LCL filter is less than 0.1 pu (using a base - S, = 5.4 kVA,
Vb = 230 V) and the resonant frequency, fies, is 10.7 kHz; less than 0.5fg,. A
damping resistor Rq = 2 2, calculated as one third of the impedance of C at fies,

is added in series with Ct to improve the stability of the current controller® [60].

3.2.5 Selection of DC-link capacitor

In a single-phase, grid-connected VSC, the DC-link voltage, V., consists of an
average DC component, Vicavg, as well as a 100 Hz voltage ripple. The existence of

this 100 Hz voltage ripple in the DC-link voltage of a single-phase grid-connected

!The detailed design procedure of the LCL filter is described in Appendix A.

2The damping of the current controller of a PV system is increased if resistance of LCL filter
inductors are high. However, since a higher resistance increases losses, LCL filter inductors are
designed to have a low resistance.

3The dynamic performance of the current controller with and without the damping resistor,
Ry is analysed in Appendix B.
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VSC is explained in Appendix C. An expression for the peak-to-peak 100 Hz
voltage ripple, AVg., of the DC-link voltage can be derived as (3.1). The detailed
derivation of (3.1) is given in Appendix C.

In (3.1), Py is the active power injected to the grid, Cy. is the DC-link capac-

itance and w is the fundamental angular frequency of the grid voltage, v,.

Dy

AV, =
a Cdc V;icavg w

(3.1)

In the modelled PV system, Cy. is calculated as 2200 pF to limit AVg. to
approximately 5% of Vgcave When the VSC is injecting 5.4 kW of active power to
the grid and Vicavg is 400 V.

3.2.6 DC-DC boost converter

The rated capacity of the DC-DC boost converter shown in Fig. 3.1 is 5 kW and
the switching frequency, fqc, is 10 kHz. The current passing through the inductor
Lq. of the DC-DC boost converter consists of a DC component and a switching
ripple. The size of the inductor, Lq., can be determined using (3.2) [58] in order
to limit the switching frequency associated current ripple, Aly., of the current
that is flowing through the inductor. In (3.2), V,, is the voltage across the PV

array.

‘/;)v (Vdcavg - va)
AIdc fdc Vdcavg

Lae = (3.2)

If the PV array is operated close to the MPP, V,, is close to 300 V as per
Fig. 3.2 and Fig. 3.3. Hence, the inductor L4. can be calculated as 9 mH to limit
Al4. to 5% of the DC current through the inductor Lg. when the DC-DC boost
converter is operating at the rated capacity.

The DC-DC boost converter is able to decouple the PV array from AC-side
dynamics [61]. In modelling the grid-connected PV system, the capacitor C, at

the PV array output is chosen to be 2.5 times the DC-link capacitor, Cy.. With

47



the selected value for Cl,, the 100 Hz voltage ripple that appears across the PV
array terminals is reduced to 10% of the 100 Hz voltage ripple of the DC-link
when the VSC is operated at the rated capacity. The large time constant of C,
effectively decouples the PV array from AC-side dynamics of the grid-connected
PV system. The capacitor, C,, also minimises the switching frequency ripple

current that is drawn from the PV array.

3.2.7 LV power grid

The LV power grid is modelled with an equivalent Thevenin voltage source, vy, and
a series impedance, (Ry + jwL,), as shown in Fig. 3.1. The reference impedance
for low voltage public supply systems that is given in [62] for electrical apparatus
testing purposes is used to model the LV power grid. Hence, the grid impedance,
(Rg+jwLg) is (0.4+30.25) Q. This represents high impedance power distribution
feeders in Australia. Since the impact of integrating multiple PV systems to
high impedance feeders may be significant in terms of network voltage rise, the

impedance, (0.4430.25) € is used to model power distribution grids in this Thesis.

3.3 Control system design

The control system design for the PV system includes a grid synchronisation
mechanism, a current controller, a DC-link voltage controller, a power factor
controller and a DC-DC boost converter controller. The design procedures of

these control systems are described in this section.

3.3.1 Grid synchronisation

The synchronous reference frame phase-locked-loop (s-PLL) is implemented in the
developed simulation model of the PV system. The s-PLL is able to determine
the phase angle, peak value and the frequency of the grid voltage, vg, of the

grid-connected PV system. The information obtained from the s-PLL is used
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throughout the control system of the PV system and to synchronise the PV
system to the grid.

The structure of the single-phase s-PLL is as depicted in Fig. 3.5. The s-PLL
implemented in the single-phase PV system requires the generation of an imagi-
nary orthogonal signal from the grid voltage, vs. Such an imaginary orthogonal
signal is obtained by passing v, through a second order band-pass filter, Gy(s)
and an integrator that is scaled by the nominal grid frequency, w = 1007 rad/s.
This structure creates an imaginary orthogonal signal without any time delay
and also filters out the harmonics in the measured grid voltage, v,. The transfer
function of the standard second order band-pass filter is given in (3.3) [63]. In
(3.3), wpp is the centre frequency (in rad/s) of the band-pass filter, Qy, is the
quality factor and Hy,, is the desired DC gain for a signal of the frequency wy,,.

The bandwidth, BW),, of the second order band-pass filter is given in (3.4).

Ve Vd:ng o
ap ' VCO
V, ) K¢
SPYRENEAL dng.@* Pl i) e .
A
v, =0

Figure 3.5: Structure of the single-phase s-PLL

 Hiyp(wip/Qup)s
Do) = 2 o/ Qo) + o, &
BWy, = % (3.4)

As indicated in Fig. 3.5, V,, and Vj are the filtered grid voltage signal and the
imaginary orthogonal signal respectively. The Park transformation is applied to
V, and Vj to determine V; and V. P(s) is a compensator and, w, and ¢ are the
estimated angular frequency and the phase angle of v,. If ¥ is very close to the

actual phase angle of vg, V, = 0 and V; = Vi, where V4, is the peak value of v,.
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The main function of the band-pass filter is to filter out the harmonics in v,.
Therefore, a narrow bandwidth is desired in the band-pass filter so that the low-
order harmonics are well attenuated. Hence a higher )y, is desired according to
(3.4). But a very low bandwidth slows down the dynamic response of the filter.
Therefore a high value for @y, cannot be chosen. The chosen value of Q) is
1.25, so that the BW,,, = 40 Hz for a signal of wy, = 1007 rad/s. Since neither
attenuation nor gain is desired for the fundamental frequency grid voltage signal
vy, Hypp = 1. The frequency response and the step response of the designed band-
pass filter are shown in Fig. 3.6 and Fig. 3.7 respectively. As shown in Fig. 3.6,
for a 50 Hz input signal, there is no gain or phase change in the output signal of
the band-pass filter. Based on Fig. 3.7 settling time of the designed band-pass

filter is 30 ms.
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Figure 3.6: Frequency response of the band-pass filter

The control loop of the single-phase s-PLL consists only a pole at zero that
is of the voltage-controlled-oscillator (VCO). A PI regulator is chosen as the
compensator P(s). The gains of the PI compensator are selected as kppy = 115
and ki, = 6600. The step response of the closed-loop system is shown in Fig. 3.8

demonstrating a settling time of approximately 70 ms.
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Figure 3.7: Step response of the band-pass filter of the s-PLL

3.3.2 Current controller

The current that is injected to the grid by the PV system is controlled by the
current controller. The current controller is able to regulate the current injected
by the PV system to follow a reference current signal that is generated by the
rest of the control system of the PV system.

In the developed simulation model of the PV system, a stationary frame
closed-loop current controller which is able to regulate the current injected to
the grid by the PV system by following a sinusoidal current reference is used.
The stationary frame closed-loop current controller is implemented using the PR
regulator introduced in [20]. The transfer function of the non-ideal PR controller
with fundamental frequency compensator and low-order odd harmonic compen-
sators (HCs), is given in (3.5) [64]. The fundamental frequency compensator
regulates the current injected to the grid with zero steady-state error while the
low-order odd harmonic compensators minimise the low order harmonic currents
injected to the grid by the PV system. In (3.5), k. is the proportional gain, ki

is the integral gain and w, is the 3 dB cut-off frequency.
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Figure 3.8: Step response of the s-PLL

Qkichwcs
+ 2w.s + (hw,)?

Cls) =kpe+ Y = (3.5)

h=1,3,5,7

The control plant model of the stationary frame current controller can be

derived as (3.6) by simplifying the LCL filter to an L filter and neglecting the
grid impedance®. In (3.6), Lt = 2(Lg + Lgy) and Ry = 2(Rg. + Ryy).

(3.6)

The closed-loop current controller is shown in Fig. 3.9 with a unity gain feed-
back loop. The current reference, iger, is calculated using (3.7), where Vj,, and ¢
are obtained from the single-phase s-PLL and, P, and Q.. are the active power
reference from the output of the DC-link voltage controller and reactive power
reference from the output of the power factor controller respectively. In Fig. 3.9,
€. is the difference between the current reference, ig.f, and the current injected to
the grid, ig, . is the output of the PR regulator C(s), and m is the modulation
index of the VSC.

4In Appendix B, the derivation of (3.6) is presented and the effect of the grid impedance on
the performance of the current controller is discussed.
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Figure 3.9: Closed-loop current controller of the single-phase VSC system
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Ggref = v oL cos(9 4 arctan(Qres/ Pret)) (3.7)
gm

In the designed PR regulator, k. = 4 is calculated to obtain a 500 Hz band-
width for the closed-loop current controller, k;.; = 100 to have zero steady-state
error and the integral gains of the HCs are ki, = 80 (h = 3,5,7). The 3 dB
cut-off frequency, w., is selected to be 5 rad/s [64]. The frequency response of
the designed closed-loop current controller is shown in Fig. 3.10. As illustrated
by Fig 3.10, the designed closed-loop current controller has a unity gain and zero
phase shift for fundamental and first three odd harmonic signals. Hence the de-
signed current controller is able to regulate such signals with zero steady-state

error.

3.3.3 DC-link voltage controller

The DC-link voltage controller regulates the DC-link voltage of the PV system
at a set reference voltage level. In the developed model of the PV system, the
DC-link voltage of the VSC is regulated at 400 V. The transfer function of the

control plant model of the DC-link voltage can be derived as (3.8)° assuming that

power balance exists on the AC and DC sides of the VSC.

VdQc(s) _ _i (38)

Grac(s) = P,(s)  Cs

The control block diagram of the DC-link voltage controller is given in Fig 3.11

5The detailed derivation of (3.8) is given in Appendix C.
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Figure 3.10: Frequency response of the closed-loop current controller

in which D(s) is a compensator, eq is the error between the squares of measured
and reference DC-link voltages and uq is the compensator output. In order to
improve the dynamic response of the DC-link voltage controller in the presence
of rapid changes of power at the PV array, the power feed-forward signal P, has
been added to the controller [13]. P, is calculated from the measured voltage,
Vpv and the current, I, that are shown in Fig 3.1. The compensator output uq is
the magnitude of power that is needed to compensate for the losses in the grid-
connected PV system. In Fig 3.11, P, is the amount of active power that should
be injected by the VSC to the LV power grid to control the average voltage of
the DC-link at the set voltage reference, Vi.er- Hence P, is the active power
reference of the current controller and the current control loop becomes an inner
control loop of the DC-link voltage controller. Therefore, for proper tracking of
Vieret, the bandwidth of the DC-link voltage controller is chosen as one tenth of
the bandwidth of the closed-loop current controller. Since the bandwidth of the

DC-link voltage controller is much smaller than that of the current controller, the
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dynamics of the current controller can be disregarded while designing the DC-link
voltage controller.

Pp\/

Limiter
D(s) Ud 7‘2: Pt > Gy, (s) > dec

Figure 3.11: The DC-link voltage control diagram

€d
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In Fig 3.11, D(s) represents a gain, kyq. Assuming a unity gain feedback loop,
the transfer function of the closed-loop DC-link voltage controller is given in (3.9).
kpa is calculated as -0.345 to obtain approximately a 50 Hz bandwidth, which
is one tenth of the bandwidth of the current controller of the DC-link voltage
controller. The frequency response of the closed-loop DC link voltage controller
is shown in Fig. 3.12 from which it can be observed that the bandwidth of the

designed closed-loop DC link voltage controller is approximately 50 Hz.
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Figure 3.12: Frequency response of the closed-loop DC-link voltage controller

— 2k,

Gdc,cl(S) = m

(3.9)

The DC-link voltage of the single-phase grid-connected PV system consists of
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an average DC component as well as a 100 Hz voltage ripple which is about 5% of

the average DC component®. The ripple is not desirable in the feedback signal of

the DC-link voltage controller since such a component in the feedback signal may
result in injecting increased amount of low order harmonic currents from the PV
system to the grid. Therefore, the 100 Hz voltage ripple of the DC-link voltage
feedback signal is filtered out by using a notch filter in the developed simulation
model of the PV system. The notch filter is not shown in Fig. 3.11 to minimise
the complexity of the diagram. The inclusion of the notch filter slightly changes
the overall dynamic response of the DC-link voltage controller and such changes

are discussed in Appendix C.

3.3.4 DC-DC boost converter controller

Ipvref D

% EG) >

Vv B(s)

Vovret Iy

Figure 3.13: Controller of the DC-DC boost converter

The controller of the DC-DC boost converter is shown in Fig. 3.13. Vet is
the voltage of the MPP calculated by the InC algorithm after each iteration and is
used as the reference for the PV array side voltage of the DC-DC boost converter.
Viwref 1s compared with the voltage across the PV array, V;,,. The error signal, ey,
is processed by the compensator B(s) to determine current reference, Ipyer for
the output current of the PV array. The difference between the measured output
current of the PV array, I,, and Iy is passed through another compensator,
E(s). The output E(s) is the duty cycle, D of the DC-DC boost converter. The
PI regulators are chosen for compensators B(s) and E(s) and are tuned using a
trial and error method. The controller of the DC-DC boost converter adjusts D

in such a way that Vj,, is regulated at Viyres.

6This is explained in Appendix C.
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3.3.5 Power factor controller

According to the Australian Std AS4777.2 [7], the VSC is allowed to operate in
the range from 0.8 leading to 0.95 lagging power factor (considering the VSC as
a load connected to the grid). Since the voltage rise at the PCC of a PV system
when injects active power to the grid can be minimised by operating the VSC at
a lagging power factor, the active and reactive power characteristic curve shown
in Fig. 3.14 is implemented to operate the VSC at the maximum allowed lagging
power factor. In Fig. 3.14, P, is the active power injected to the grid, Qs is the
reference of the reactive power injected to the grid, @, P, = 0.25, kW (as per
[7]), —Pumax = —5 kW and —Qpax = —1.65 kVAr.

Qref
A
'Pmax 'Po

- Qmax

Figure 3.14: Active and reactive power characteristics of the VSC for power factor
control

3.4 Simulation results

The simulation model of the grid-connected single-phase two-stage PV system
was developed in the PSCAD/EMTDC simulation program. Simulation studies
were performed to evaluate the effectiveness of models and controllers of the PV
system. The surface temperature of the PV array was assumed to be constant at
30°C in all simulation scenarios.

The VSC was operated at the rated capacity with and without the low-order
HCs. The total harmonic distortion (THD) of the simulated grid voltage was zero.
The magnitudes of low-order current harmonics injected to the LV power grid as

a percentage of the fundamental current is shown in Fig. 3.15. The calculated
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Figure 3.15: Harmonic spectrum of the measured grid current

current THD with and without HC was 5.9% and 1.5% respectively.

Fig. 3.16 illustrates the response of the closed-loop current controller and
the DC-link voltage controller for step changes in solar irradiance (from 1200 to
800 W/m? at t = 0.5 s) and reactive power (from 0 to-1.5 kVAratt = 0.65s). In
the designed PV system, a new current reference is generated upon an operating
state change. As the closed-loop current controller closely tracks the generated
current reference, the steady-state error is almost zero as shown in Fig. 3.16(a).
Fig. 3.16(c) illustrates the capability of the designed current controller to inde-
pendently control the injected active and reactive power.

The performance of the MPPT algorithm, controller of the DC-DC boost
converter and the power factor controller of the VSC are shown in Fig. 3.17 with
the variation of solar irradiance illustrated in Fig. 3.17(a). The controller of the
DC-DC boost converter has closely regulated the PV array voltage, Vi, at Viyrer
by adjusting the duty cycle of the DC-DC boost converter. The performance of
the implemented power factor controller can be seen in Fig. 3.17(e).

Fig. 3.18 illustrates the MPP tracking path of the considered variations in
the solar irradiance shown in Fig. 3.17(a). During the ramping time of the solar

irradiance, the MPP has deviated away (B; and C}) from the actual value (B
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Figure 3.16: System response for step changes of solar irradiance and reactive
power reference
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(a) Variation of solar irradiance
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Figure 3.17: System response for a ramping solar irradiance variation
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and C5). However, once the solar irradiance is stabilised, the actual MPP has

been found accurately by the MPPT algorithm.
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Figure 3.18: MPP tracking path

3.5 Experimental results

An experimental setup using a 5 kW grid-connected single-phase PV system was
established in order to validate the simulation model of the PV system that is
developed in PSCAD/EMTDC simulation program. The control algorithms that
are developed in the simulation model were successfully implemented in the ex-
perimental setup of the PV system. Further details on the experimental setup
including changes that were necessary in the control algorithms and hardware in
the simulation model in order to eliminate practical difficulties when implement-
ing the experimental setup of the PV system are described in Appendix D. The
practical results obtained from the implemented experimental setup of the PV
system are presented in this section. Further, practical results are compared with
the simulation results of the developed simulation model of the PV system that

were presented in Section 3.4 of this chapter, where applicable.
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The steady-state performance of the s-PLL that is implemented in the ex-
perimental setup of the PV system is shown in Fig. 3.19. All signals shown in
Fig. 3.19, except the measured grid voltage, v, were obtained through the con-
troller of the implemented PV system and displayed on an oscilloscope via digital
to analog (D/A) conversion channels. In the test performed, the rms value of
voltage of vy was 230 V. The band-pass filter of the s-PLL has been able to filter
out the low-order harmonics in the measured grid voltage v, since V,,, which is
the output of the band-pass filter and that is shown in the Fig. 3.19, is nearly
a pure sinusoid. The imaginary signal generated by the s-PLL, Vj lags V., by
approximately /2 rad. The peak value of the grid voltage, Vg as found by the

s-PLL is close to 325 V.

‘i gilent Technologies SAT FEB 23 19:07:58 2013
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Figure 3.19: Steady-state performance of the s-PLL: Chl: measured grid voltage
(vg) [100 V/div], Ch2: filtered grid voltage (V,) [100 V/div], Ch3: imaginary
orthogonal signal (V) [100 V/div], Ch4: peak value of the grid voltage (Vgm)
[100 V/div], Time base [5 ms/div]

The dynamic response of the s-PLL is shown in Fig. 3.20 during a 10% step
change in the magnitude of the grid voltage. The implemented s-PLL has been
able to find the actual peak value of v, within about 20 ms following the step

change in the magnitude of the grid voltage. The tracking of the angle of the grid
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voltage, ¥ is accurate and smooth even during the transient period as shown in

Fig. 3.20.

Agilent Technologies SAT FEB 23 1955511 2013

Figure 3.20: Dynamic performance of the s-PLL: Chl: measured grid volt-
age (vg) [100 V/div], Ch2: phase angle of the measured grid voltage, vy (V)
[2 rad/div], Ch4: peak value of the grid voltage (Vgm) [100 V/div], Time base
[20 ms/div]

The DC-link capacitor, Cq., of the implemented PV system is 1100 pF and
the expected peak-peak value of the 100 Hz DC-link voltage ripple is 34 V if

the PV system is operated at the rated power”. The implemented experimental

setup of the PV system could only be operated at a maximum of 2.7 kW due to
operational limitations in the solar array simulator used. The 100 Hz DC-link
voltage ripple when the PV system is injecting 2.7 kW to the grid is shown in
Fig. 3.21 in which the peak-peak value of the DC-link voltage ripple is 20 V.
The dynamic response of the DC-link voltage controller of the implemented
PV system is shown in Fig. 3.22 at the time of synchronising the PV system
to the grid. The DC-link voltage, Vg, of the PV system was increased when
the PV system was connected to the grid since the DC-link capacitor of the PV

system was charged by the active power absorbed from the grid soon after the PV

"Refer to Section D.2.7 of Appendix D.
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Figure 3.21: 100 Hz voltage ripple of the DC-link voltage: Chl: measured grid
voltage (vg) [100 V/div], Ch3: Voltage ripple of the DC-link voltage (AVjc)
[10 V/div], Time base [2 ms/div]

system was connected to the grid. The DC-link voltage controller has been able
to regulate the DC-link voltage at 420 V within a short period of time (about
20-30 ms) after the PV system was connected to the grid.

The DC-link voltage controller implemented in the PV system has dynamic
characteristics typical of a second-order system as can be seen from the variation
of V. in Fig. 3.22. This behaviour is mainly due to the notch filter that is used
to eliminate the 100 Hz voltage ripple of the DC-link voltage feedback signal in
the DC-link voltage controller as discussed in Section 3.3.3 of this chapter.

The waveforms of the current injected to the grid by the PV system, 7,, and
the 100 Hz DC-link voltage ripple, AV, of the PV system when the PV system
was injecting about 2.3 kW of active power to the grid, is shown in Fig. 3.23.
In this test, the reactive power reference of the PV system was zero. Fig. 3.23
illustrates the capability of the implemented current controller of the PV system
to regulate i, following the reference signal generated by the control system of the
PV system since 7, was in phase with v, as shown in Fig. 3.23 when the reactive

power reference is zero.
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Figure 3.22: Dynamic response of the DC-link voltage controller: measured grid
voltage (vg) [100 V/div], Ch3: DC-link voltage (Vac) [200 V/div], Ch4: current
injected to the grid (iy) [10 A/div], Time base [20 ms/div]
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Figure 3.23: Active power injection from the PV system: Ch2: measured grid
voltage (vg) [100 V/div], Ch3: Voltage ripple of the DC-link voltage (AVjc)
[10 V/div], Ch4: current injected to the grid (ig) [5 A/div], Time base [5 ms/div]
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The output voltage of the PV array, V,,, and the output current of the PV
array, I,,, during the test performed to obtain Fig. 3.23, is shown in Fig. 3.24.
According to the figures, PV array was injecting about 2.5 kW of active power.
The difference in active power injected to the grid as calculated from Fig. 3.23

and Fig. 3.24 is mainly due to losses in the converter system of the PV system.

Agilent Technologies FRI MAR 08 08:03:16 2013
B ioov/ @ 50A/ - 1.000¢ 20008/ Stop F -18.8V

Figure 3.24: Outputs of the PV array: Ch3: output voltage of the PV array (V)
[100 V/div], Ch4: output current of the PV array () [5 A/div], Time base
[2 ms/div]

The 100 Hz voltage ripple on the DC-link of the PV system causes a 100 Hz
ripple voltage and current in the output voltage and current of the PV array.
Such voltage and current ripple at the output of the PV system can be minimised
by appropriately tuning the PI regulators in the controller of the DC-DC boost
converter of the PV system.

The voltage ripple, AV}, and the current ripple, Al,,, at the output of the
PV array during the test performed to obtain Fig. 3.23 and Fig. 3.24 is illustrated
by Fig. 3.25. The high frequency component of Al in Fig. 3.25 is the switch-
ing frequency current ripple of the output current of the PV array. According to
Fig. 3.23 and Fig. 3.25, the controller of the DC-DC boost converter of the imple-

mented PV system has been able to limit the peak-peak values of 100 Hz ripple
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in AV,, and Al to about 5 V and 100 mA respectively when the peak-peak

value of AVy. was about 15 V.

£ Agilent Technologies FRI MAR 08 07:55:38 2013
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Figure 3.25: Voltage and current ripple at the output of the PV array: Ch3:
voltage ripple (AV,y) [5 V/div], Ch4: current ripple (Al,,) [200 mA /div], Time
base [2 ms/div]

In the current controller of the experimental setup of the PV system, 39,
5t 7t and 9™ HCs were implemented. The effectiveness of the implemented
HCs were evaluated by performing three tests when the PV system was injecting
2.5 kW of active power to the grid. In the first test, HCs of the current controller
were inactive and there was no harmonic distortion in the grid voltage, vy. The
HCs were active in the second test but there was zero harmonic distortion in the
grid voltage. In the third test, HCs were active and v, consisted of 3™, 5t 7th
and 9™ harmonics. The magnitude of each harmonic component in v, was 5%
of the fundamental voltage. The waveforms of the current injected to the grid,
ig captured from first, second and third tests are shown in Fig. 3.26, Fig. 3.27
and Fig. 3.28 respectively. The magnitudes of the low-order current harmonics
injected to the grid as a percentage of the fundamental current are shown in
Fig. 3.29. Similar to the performance of HCs in the simulation model of the PV

system, HCs in the implemented PV system have been able to minimise the low-
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order harmonic current injection to the grid as shown in Fig. 3.29. The calculated
THD of i, in the first test was 8.5%, in the second test was 4.8% and in the third

test was 4.2%.

Agilent Technologies TUE DEC 10 13:2857 2013
0 1oov/ B B 1004/ ¥ 50008 50008/ Stop £ 313

Vg

Figure 3.26: Current injected to the grid by the PV system, i, when HCs were
inactive and with zero harmonic distortion in the grid voltage, vy - test 1: Chl:
measured grid voltage (vg) [100 V/div], Ch4: current injected to the grid (i4)
[10 A/div], Time base [5 ms/div]

The dynamic behaviour of the DC-link voltage, Vg, and the current injected
to the grid by the PV system, i, once the reactive power reference of the PV
system was instantaneously changed from 0 to 2 kVAr is shown in Fig. 3.30. In
Fig. 3.30, 74 is in-phase with v, at the beginning since the reactive power reference
at the beginning of the performed test was zero. Once the reactive power reference
was changed to 2 kVAr, ¢, lags v, since 7; was controlled by the current controller
to allow both active and reactive power injection to the grid by the PV system.
The transient in V. because of the step change in the reactive power reference
has been stabilised within a short period of time.

The accuracy of operating the PV system at the MPP of the PV array can
be obtained through the user interface of the PV array simulator that is used

in the experimental setup. The variation of the accuracy of the MPP tracking
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Figure 3.27: Current injected to the grid by the PV system, i, when HCs were
active and with zero harmonic distortion in the grid voltage, vy - test 2: Chl:
measured grid voltage (vg) [100 V/div], Ch4: current injected to the grid (i4)
[10 A/div], Time base [5 ms/div]
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Figure 3.28: Current injected to the grid by the PV system, ¢, when HCs
were active and with harmonic distortions in the grid voltage, v, - test 3: Chl:
measured grid voltage (vy) [100 V/div], Ch4: current injected to the grid (i4)
[10 A/div], Time base [5 ms/div]
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Figure 3.29: Magnitudes of low-order harmonic currents of i, in three tests per-
formed to evaluate the effectiveness of HCs
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Figure 3.30: A step change in the reactive power reference of the PV sys-
tem: Chl: measured grid voltage (vg) [100 V/div], Ch3: DC-link voltage (Vic)

[10 V/div], Chd:
[10 ms/div]
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Figure 3.31: MPP tracking of the PV system

during two step changes of the solar irradiance level is shown in Fig. 3.31 which
illustrates the effectiveness of the controller of the DC-DC boost converter to
operate the PV system at the MPP and the accuracy of the MPPT algorithm
in tracking the MPP. The accuracy of the MPP tracking has decreased slightly
soon after each change in the solar irradiance level. However, since the controller
of the DC-DC boost converter has been able to regulate the output voltage of
the PV array accurately and the implemented MPPT algorithm has been able to
track the MPP quickly, 100% MPP tracking accuracy has been established by the
PV system within a short period of time after each change in the solar irradiance

level.

3.6 Chapter summary

A detailed simulation model of a 5.4 kVA grid-connected single-phase two-stage
PV system with associated control systems was developed in this chapter. The
simulation model was developed using the PSCAD/EMTDC simulation program.
This model of the PV system consists of component level models of a PV array, a
DC-DC boost converter, a VSC and an LCL filter. Components of the LCL filter,
the DC-link capacitor of the VSC and the inductor of the DC-DC boost converter
were established theoretically and were used in modelling the PV system. The

control architecture of the modelled PV system incorporates an s-PLL, a sta-
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tionary frame current controller, a DC-link voltage controller, a DC-DC boost
converter controller and a MPPT algorithm. The design methodologies that are
followed to establish the control system of the PV system were described in detail.

The effectiveness of the developed model, with theoretically established com-
ponent values and designed controllers was evaluated and verified using simulation
studies. The robustness and the accuracy of the designed grid synchronisation
mechanism, the stationary frame current controller and the DC-link voltage con-
troller were verified by applying rapid changes in solar irradiance and reactive
power reference.

An experimental setup of a PV system that is comparable with the developed
simulation model of the grid-connected single-phase two-stage PV system, was
established to verify the dynamic performance of the developed simulation model
of the PV system. The control system of the PV system that was developed
in the simulation model of the PV system was implemented in the controller of
the experimental setup of the PV system. The experimental results that were
obtained to verify the dynamic performance of the implemented PV system were
presented and discussed. Based on the simulation results of the developed sim-
ulation model of the PV system and the experimental results obtained from the

implemented PV system following conclusions can be made.

e The s-PLL implemented to synchronise the PV system to the grid was
able to determine the phase angle and the peak value of the grid voltage
accurately under steady-state and transient operating conditions of the PV
system. Furthermore, since the s-PLL was implemented with appropriate
low-pass filters, the overall steady-state and dynamic performance of the

s-PLL was seen to be not affected when the grid voltage is distorted.

e The DC-link voltage controller determines the magnitude of the active
power that should be injected/absorbed from/to the grid to regulate the
DC-link voltage at a set reference. The DC-link voltage controller that was

designed has been able to regulate the DC-link voltage at the set reference
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within a short period of time after a transient condition and to maintain

the DC-link voltage at the set reference during the steady-state operation.

The current controller of the PV system was able to regulate the current
injected to the grid by the PV system at a given sinusoidal current reference.
The low-order harmonic current that was injected by the VSC of the PV
system was minimised by the harmonic compensators that are implemented

in the current controller.

The active power injection to the grid was enhanced by adding a MPPT
algorithm. The MPP tracking accuracy of the MPPT algorithm and the
performance of the designed controller for the DC-DC boost converter have
demonstrated under rapid variations of the solar irradiance. The simulation
and experimental results verify that the implemented MPPT algorithm is
able to determine the MPP accurately and quickly and the implemented
controller of the DC-DC boost converter is able regulate the output volt-
age of the PV array at the reference voltage determined by the MPPT

algorithm.

The controller of the PV system was capable of independently controlling
the active power and the reactive power injected to the grid. The reactive
power injected by the PV system is controlled by operating the VSC at
the maximum lagging power factor that is specified in the Australian Std.

AS47TT7.2.

On the whole, the simulation results and experimental outcomes confirm that

the modelling and control design approaches that were followed to develop the

simulation model and the experimental setup of the PV system are robust and

lead to a system with acceptable performance. The simulation model of the PV

system developed is acceptable since the dynamic performance of the simulation

model compared well against a comparable experimental setup of a PV system.
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Chapter 4

PCC voltage control of a

grid-connected PV system

4.1 Introduction

The integration of multiple PV systems to public LV electricity networks has led
to a grid voltage rise problem as stated in Chapter 2. Since the PCC voltage of a
PV system is sensitive to both active and reactive power injected to the grid by a
PV system, an opportunity exists for PV systems to regulate the respective PCC
voltages by dynamically controlling active and reactive power of the PV system
and help maintaining network voltages within limits. The PCC voltage of a PV
system can be regulated by a closed-loop controller that dynamically controls
the reactive power response of the PV system. Furthermore, in situations where
reactive power capability of a PV system is not adequate to regulate the PCC
voltage, closed-loop active power control is an effective way of regulating PCC
voltage of a PV system as proposed in Chapter 2.

As described in Chapter 2, in the published literature, only limited infor-
mation is available on providing adequate technical details and guidelines for
practically implementing closed-loop controllers that control the active and reac-
tive power response of a PV system in order to regulate the PCC voltage of a PV

system. Therefore, in this Chapter, a detailed design procedure of closed-loop
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active and reactive power controllers that are capable of dynamically regulating
the PCC voltage of a grid-connected PV system is provided. Plant models of
closed-loop active and reactive power controllers are derived. Further, by com-
bining the operation of closed-loop active and reactive power controllers, two
novel operating strategies are proposed for grid-connected PV systems. Simula-
tion results obtained following the integration of closed-loop active and reactive
power controllers to the simulation model of the PV system that was developed
in Chapter 3 are presented. Experimental results obtained after implementing
novel control systems and operating strategies in the experimental setup of the PV

1

system™ are provided to demonstrate the robustness of the designed closed-loop

active and reactive power controllers and the feasibility of implementing novel

operating strategies for grid-connected PV systems proposed in this Chapter.

4.2 Simplified model of a distribution feeder

The dynamic active and reactive power controllers proposed in this Chapter are
designed without considering the effects of the dynamic behaviour of loads and
other inverter interfaced energy sources connected to the grid. Hence a simplified
model of a power distribution feeder is considered in the design. The considered
model of the power distribution feeder is shown in Fig. 4.1 where the grid is
modelled with an equivalent Thévenin voltage source (of which the rms voltage at
the terminal is V) that is connected in series with a resistor, R,, and a reactance,
X,g. The rms voltage at the PCC of the PV system is V,. The term Xy represents
the LCL filter of the PV system. At a given time, the PV system is considered
to inject current I, to the grid resulting in real power of P, and reactive power
of Qg. I, is the rms value of the current injected to the grid by the PV system.
The reference impedance for low voltage public supply systems given in [62]

for electrical apparatus testing purposes is used as the impedance seen by the PV

'Refer to Appendix D for further details on the implemented experimental setup of the PV
system.
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Figure 4.1: Simplified model of a power distribution feeder

system at the PCC when designing dynamic active and reactive power controllers.
Hence the grid impedance of the simplified model of the power distribution feeder
is Ry + j X, = (0.4+70.25) Q. The R/X ratio of the considered grid is approxi-
mately 1.6. As will be shown in Section 4.3, with an R/ X ratio greater than unity,
an opportunity exists to regulate the PCC voltage by dynamically controlling the

active and reactive power response of the PV system.

4.3 Decoupling of controllers

An expression for the PCC voltage rise, AV, where AV, =V, — V;, when a PV

system is injecting P, and @, to the grid, can be derived as given by (4.1)? using

Fig. 4.1.

_ —Py R, + Qg X,
Ve

AV, (4.1)

The active power injected to the grid by a PV system is controlled by the DC-
link voltage controller as described in Chapter 3. As proposed in this Chapter,
PCC voltage controllers are designed to regulate the PCC voltage by controlling
the active or reactive power injected to the grid by the PV system. According to
(4.1), the PCC voltage, V4 is sensitive to both active and reactive power injected
to the grid by the PV system. As a result, the DC-link voltage controller and PCC
voltage controllers are dynamically coupled. Thus, there should be a decoupling

mechanism for the DC-link voltage controller and PCC voltage controllers of the

2This is derived in 2.6.1
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PV system to avoid any dynamic interactions between the controllers.

The DC-link voltage controller and PCC voltage controllers can be dynam-
ically decoupled if the grid impedance is measured or estimated [65]. In order
to decouple control systems in this manner, an algorithm to measure or estimate
the grid impedance should be included in the controller design. An alternative
way of decoupling the controllers is to make the response time of one controller
relatively large compared to the response time of the second controller [13]. As a
result of the difference in the response times of controllers, the dynamics are effec-
tively decoupled. A first-order lag element can be utilised to change the response
time of controllers [44]. Alternatively, if the controllers are closed-loop control
systems, the desired response times can be obtained by tuning compensators.
In this Thesis, the tuning of compensators to achieve desired response times is
used in order to decouple controllers. This decoupling technique is commonly
used in control systems of power electronic converters [13]. In order to decouple
two dynamic systems, 2—-10 times difference in the response times of the dynamic
systems is adequate [13]. Therefore, in the grid-connected PV system shown in
Fig. 4.1, PCC voltage controllers are made ten times slower than the DC-link

voltage controller in order to decouple the dynamics of these control systems.

4.4 PCC voltage regulation with the dynamic reactive

power controller - (PCC V;, controller)

The design of the closed-loop PCC voltage controller that dynamically controls
the reactive power response of the PV system (herein after referred to as the

PCC Vg controller) is described in detail in this Section.

4.4.1 Control plant model of the PCC Vj controller

In grid-connected PV systems, a phase-locked-loop (PLL) is used to find the phase

angle and the peak value of the PCC voltage. The response time of the PLL is
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relatively short compared to that of the DC-link voltage controller. Since the
PCC voltage controller is made even slower than the DC-link voltage controller,
the dynamics of the PLL can be ignored in deriving the control plant model
of the PCC Vg controller. Therefore the angle deviations of the PCC voltage
due to reactive power injection in order to regulate the PCC voltage can be
disregarded while considering only the PCC voltage magnitude deviations caused
by the reactive power injection to the grid by the PV system.

From Fig. 4.1, (4.2) can be derived. The peak value of the reactive current

component of I, is Isnq and that of the active current component is Igp,p,.

-

Vg - VS = (Rg +ng)Ig (4-2)

A small change in the peak value of the reactive current injected to the grid
by the PV system, Ay is considered. The change in the peak value of the PCC
voltage because of the voltage drop jR;Algnq, can be assumed to be negligible
since Vgm >> |RgAlgmq|. Hence, the phase angle deviation between V and Vi
because of the small change in the reactive current injected to the grid, can be
disregarded. Therefore, for a small change in the reactive current injected to the
grid by the PV system, (4.3) can be derived using (4.2). In (4.3), AVyy, is the

change in the peak value of V; because of Algy,.
AV =~ =X Al (4.3)

The control plant model of the PCC Vi controller can be obtained as given

in (4.4) by applying the Laplace transformation to (4.3).

Gy (8) = ilngn;((i)) ~ —X, (4.4)
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4.4.2 PCC Vg controller

The design of the PCC V{, controller is described in this Section. Three differ-
ent types of compensators are considered in the design of the controller. The
control plant model of the PCC Vg controller is used for designing and tuning
compensators where applicable.

The proposed closed-loop PCC Vi controller is shown in Fig. 4.2, where the
error signal, ey, is the difference between the peak value of the reference PCC
voltage, Vgmrer, and the peak value of the measured PCC voltage, Vg, Gec(s) is
the closed-loop current controller of the PV system and finally Gy, (s), is the
control plant model of the PCC Vj controller. Qief, Igmqref and Ignmq are the
reactive power reference, the peak value of the reactive current reference and
the peak value of the reactive current injected to the grid by the PV system

respectively.

€k Qi [ 2 Igmqref Igmq
A Compensator Geols) G\{w(s) Vi

Figure 4.2: Control block diagram of the PCC V, controller

The response time for the DC-link voltage controller of the PV system is
longer than that of the current controller. Further, the PCC V, controller should
be made slower than the DC-link voltage controller to decouple the two con-
trollers. Hence, the dynamics of the current controller can be disregarded assum-
ing Ge.(s) = 1 when designing the PCC Vj, controller. In Fig. 4.2, only the peak
reactive current Iy, is shown as the output of Ge.(s) since the PCC voltage is
controlled by regulating I,mq or the reactive power (), injected to the grid. How-
ever, in the implementation of the current controller that was developed using
a stationary reference frame and a proportional resonant (PR) regulator as de-
scribed in Chapter 3, both active and reactive current are regulated by a single

controller.
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4.4.3 PCC Vg controller - with a proportional gain

A PCC Vg controller with only a proportional gain as the compensator is first
evaluated. The closed-loop transfer function of this controller is a gain since
the plant model of the PCC V, controller that is given by (4.4) is also a gain.
Therefore, the PCC voltage controller response cannot be made slower than the
DC-link voltage controller of which the closed-loop transfer function is given by

(4.5) as derived in Chapter 3, using only a proportional gain in the control loop.

1

= 4.5
0.02s +1 (4:5)

GVdc,cl (S )

Furthermore, as there is no integrator in the plant model of the PCC V{ con-
troller derived in (4.4), a zero steady-state error cannot be achieved with only a
proportional gain. Therefore, the PCC Vi controller with a proportional gain as
the compensator, is not suitable for regulating the PCC voltage at a set reference

voltage.

4.4.4 PCC Vg controller - with a proportional gain and a first-order

lag element

In this Section, the PCC V{ controller is evaluated using a combination of a
proportional gain, k,;,, and a first-order lag element, G4(s), as the compensator
in the control loop of the PCC Vj, controller. Gq(s) is given by (4.6) where 74 is
the time constant.

1

Cals) = ——5 (4.6)

The closed-loop transfer function of the PCC V, controller with &, and G4(s)

in the control loop is given by (4.7).

Qkprd(S)Gng (S)

_ 4.
GVgQ,clpd(S) ‘/gm + QkaGd(S)GVgQ<S) ( 7)
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Equation (4.7) can be simplified as,

K., 1
Gyq-clpd(s) = (K p+ 1) - : (4.8)
pb (m) S + 1
where,
2k bGV (S)
Ky = — =5,
p ‘/gm

The DC gain of (4.8) cannot be made equal to unity. Therefore, a steady-state
error exists in the PCC Vg controller with a proportional gain and a first-order

lag element. If the steady-state error is designed to be 10%, then

Ko
Ko+ 1

=0.9, Kpp =9 and kp, = —6235.

The desired response time of the PCC V) controller can be achieved by placing
the pole of (4.8) appropriately. As per (4.5), the time constant of the DC-link
voltage controller of the PV system, Gy, _ (s) is 0.02 s. Therefore, in order to
make the response time of the PCC Vj, controller ten times larger than that of

the DC-link voltage controller,

Td

=0.2 and 74 = 2.

Ko+ 1

The step response of (4.8) for 10% steady-state error is shown in Fig. 4.3.

1 T T T T T

o
2

‘kpbl = 6235,’7'[1 =2

Amplitude
o
=N

T

o
~
T

Il Il Il Il Il
0 0.2 0.4 0.6 0.8 1 1.2

Time (sec)

Figure 4.3: Step response of the closed-loop PCC Vi controller with a propor-
tional gain and a first-order lag element
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The performance of the PCC Vg controller, with a proportional gain and a
first-order lag element was evaluated using the simulation model of the PV system
designed in Chapter 3. The PCC voltage reference was set as Vymper = 245v/2 V
in the controller. The calculated values for £}, and 74 were used in the simulation
study and the results are shown in Fig. 4.4. In the simulation, the PCC voltage
controller was not enabled initially and the rms value of the PCC voltage was set
to approximately 248 V. At time ¢t = 0.5 s, the PCC V, controller was enabled.
As shown in Fig. 4.4, the designed controller has been able to regulate the PCC

voltage approximately at 245.5 V.

PCC voltage (rms) (V;)
248 T T

247.5

247

246.5

246

Voltage (kV)

245.5

245

(a)

Reactive power injected to the grid (Qy)
T T

Reactive power (kVAr)

Time (s)

Figure 4.4: Dynamic performance of the PCC Vg controller designed with a
proportional gain and a first-order lag element

Fig. 4.4 illustrates that the steady-state value of the PCC voltage has been
reached within approximately 1 s after the PCC Vj, controller was enabled. Since
the time constant of (4.8) is 0.2 s, the steady-state PCC voltage has been reached
within five time constants. This observation confirms the accuracy of the plant

model of the PCC Vj; controller that is derived in this Chapter.
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4.4.5 PCC Vg controller - with a proportional gain and an inte-

grator

A zero steady-state error can be achieved by the PCC Vg controller only if the
open-loop transfer function of the controller contains at least one pole that is
closer to the origin. In order to place a pole that is closer to the origin in the
open-loop transfer function of the PCC voltage controller, an integrator with
a scalar can be used as the compensator shown in Fig. 4.2. The closed-loop
transfer function of the PCC voltage controller with a scaled integrator as the

compensator can be derived as,

Qk?pCGng (S)

G cli - )
Veqli(5) Vems + 2k, Gy, (5)

(4.9)

where k. is the scalar of the integrator. Equation (4.9) can be simplified as,

1

GVgQ,ch(S) = ma

(4.10)

where,

Ve
Ky, = —>20
P QkpCGng (S)

The pole of Gy, i(s) is selected as one tenth of the pole of Gy, in (4.5).

Therefore,

Kpe = 0.2 and ke = —3465.

The pole-zero plot of (4.10) (the pole is labelled as Py, ;) using the reference
grid impedance and when kj, = —3465 is shown in Fig. 4.5. The location of the
pole of the DC-link voltage controller (labelled as Py,__,) as given by (4.5) is also
shown in Fig. 4.5.

The performance of the PCC Vg, controller was evaluated with the simulation
model of the PV system developed in Chapter 3. The PCC voltage reference of the

controller was set as Vgmrer = 245v/2 V. Simulation results are shown in Fig. 4.6.
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Figure 4.5: Pole-zero plot of the PCC V, controller with a scaled integrator and
the DC-link voltage controller

PCC voltage (rms) (V)

Voltage (V)

244 I I I I I I I I I I
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22

Reactive power injected to the grid (Qg)
1 T T T

Reactive power (kVAr)
|
T
Il

|
0.4 0.6 0.8 1 12 1.4 1.6 1.8 2 22

(b)
Time (s)

Figure 4.6: Dynamic performance of the PCC V{; controller designed with a scaled
integrator as the compensator

Initially, the PCC V{ controller was not enabled but at ¢ = 0.5 s it was enabled.
As shown in Fig. 4.6(a), the controller is able to regulate the PCC voltage at
the reference voltage level. The steady-state value has been reached within 1 s.
Since the PCC Vg controller with a scaled integrator is capable of driving the
steady-state error to zero while effectively decoupling the PCC Vj, controller and

the DC-link voltage controller, a scaled integrator is a suitable compensator for

the PCC Vj, controller.
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4.5 PCC voltage regulation with the dynamic active power

controller - (PCC Vp controller)

The design of the closed-loop PCC voltage controller that dynamically controls
the active power response of the PV system (herein after referred to as the

PCC Vp controller) is described in this Section.

4.5.1 Control plant model of the PCC Vp controller

The control plant model of the PCC Vp controller is derived based on the sim-
plified model of the power distribution feeder shown in Fig. 4.1. Further, since
the PCC Vp controller is designed to have a long response time compared to that
of the current controller of the PV system, steady-state operation of the network
shown in Fig. 4.1 is considered while deriving the control plant model.

A small change in the peak value of the active current injected to the grid by
the PV system, Algpyp, is considered. The change in the peak value of the PCC
voltage because of the voltage drop j X Algyp, can be assumed to be negligible
since Vgm >> | XgAlLymp|. Hence, the phase angle deviation between V, and Vg
that arises because of the small change in the active current injected to the grid
can be disregarded. Therefore, for a small change in active current injected to
the grid by the PV system, (4.11) can be derived from (4.2). In (4.11), AV, is

the change in the peak value of V, because of Algpp,.

AV & RyAlLyp (4.11)

The control plant model of the PCC Vp controller can be obtained as given

by (4.12) by applying the Laplace transformation to (4.11).

Gy, (s) = ﬁj‘an;((g ~ R, (4.12)
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4.5.2 PCC Vp controller

The proposed closed-loop PCC Vp controller is shown in Fig. 4.7. This controller
regulates the PCC voltage by controlling the active power injected by the PV
system in situations where Vg > Vamrer. In such a situation, the operating point
of the PV system deviates from the MPP and the PV system is operated at a lower
power level. Therefore, when the PCC Vp controller is enabled, MPP tracking is
not needed. Hence the MPP tracking algorithm is configured to deactivate upon
the activation of the controller. In order to prevent rapid turning-on and turning-
off of MPP tracking during rapid voltage fluctuations in the grid, hysteresis has
been built into the controller. However that hysteresis is not a part of controller
shown in Fig. 4.7. In Fig. 4.7, Vippo is the voltage at the MPP where the PV
array was operating before the PCC Vp controller commences regulating the PCC

voltage. Gy, (s) is the control plant model of PCC Vp controller.

kPP 5va vat :! Pg~ i IgmB G (S) -
ngref d % B szlm e ng
ng Vmppo

Figure 4.7: Control block diagram of the PCC Vp controller

Block B in Fig. 4.7 represents a mathematical relationship between the active
power injected to the grid by the PV system, F,, and the operating voltage of
the PV array, V,,,. The mathematical relationship can be derived by considering
the characteristic curves of the PV array. A typical terminal voltage and power
characteristic curve of a PV array is shown in Fig. 4.8 when the solar irradiance
level is 1200 W/m? and the ambient temperature is 30 °C. The voltage at the
MPP, Viippo = 290 V and the power available at the MPP, P, is approximately
4.9 kW. The open circuit voltage of the PV array, V,cpv is about 360 V. V, is
an arbitrary voltage across the PV array at a given time and is controlled by the
DC-DC boost converter controller. P, is the amount of active power injected to

the grid by the PV system if the voltage across the PV array is controlled at Vi,
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assuming system losses are negligible. Such control action places the operating
point of the PV array at A. In Fig. 4.7, Iy, is the peak value of the active
current injected to the grid. The closed-loop current controller of the PV system

is not shown in Fig. 4.7 as it is considered to be a pure gain equal to unity.

St ' Prpp =49 kW r 7
A A |
—~ 1200 W /m2 L
= | B |
24 3 o
= Py L Vpy
e s %
2 2+ ; :\‘: .
B . : “: Vov
1r : / : :“ b
VmppO |VV: :‘ Voe
0 ‘ ;

0 50 100 150 200 250 300 350 400
Voltage (V)

Figure 4.8: V—P characteristics of the PV array

The PCC Vp controller is designed in such a way that the operating point
of the PV array is maintained at an operating point to the right-hand side of
the vertical line Ppp—Vinppo in Fig. 4.8. In the PCC voltage controller shown in
Fig. 4.7, 0V}, (> 0) is the voltage added to Viyppo in order to curtail the active
power injected by the PV system to control the PCC voltage by moving the
operating point of the PV array to a lower power level, P, (< Py,p). The voltage
peak value 0V}, that should be added to Vi,,p0 to control the PCC voltage is the
output of the compensator. Since 0V}, is added to Vi, and also 0V, > 0, when
active power is curtailed, Vi, > Viuppo. Thereby a stable operating point is always
maintained in the PV array when the active power is dynamically controlled to
regulate the PCC voltage.

In the characteristic curve of the PV array shown in Fig. 4.8, only the operat-
ing area bounded by Viuppo— Pupp—A—Voc is of the interest since the PCC Vp con-
troller ensures that the operating point of the PV array to be along the non-linear

section defined by Ppp—A-Voc. In order to derive an approximated linear expres-
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Figure 4.9: A detailed representation of Block B in Fig. 4.7

sion for Block B, the non-linear section Pp,,,~A-V,. of the characteristic curve
of the PV array is approximated as the straight line Pyp,—V,.. With the stated
approximation, the operating point of the PV array becomes B when injecting
an amount of active power equal to P, to the grid, and the voltage of the PV
array at B is Vplv. A linear expression for Block B can be derived using triangles

VinppoPmppVoe and Vp/V—B—VOC in Fig. 4.8, such that,

—P, / Popp Vs
p - meR_ y mpp “oc 4.13
8 ‘/;c - VmppO P ‘/;c - VmppO ( )
——— T
g
and
Py, =gV,, +C. (4.14)

The voltage and power at the MPP and the open circuit voltage of a PV panel
at rated conditions is generally available in the data sheet of the PV panel. Hence,
in general, the parameter g in Block B can be determined. For the given operating
conditions of the PV array illustrated in Fig. 4.8, g = =70 W/V and C' = 25200 W
as given in (4.14). Block B in Fig. 4.7 can be represented as illustrated in Fig. 4.9
with the use of (4.14). The effect of the linear approximation that is made while
deriving (4.14) is disregarded when representing Block B in detail in Fig. 4.9, so
that Vplv in (4.14) equals V,,. When designing the PCC Vp controller, the loop
gain, g of Block B, is only considered while disregarding C', considering that as a

disturbance.
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4.5.3 PCC Vp controller with a proportional gain and an integrator

as the compensator

A suitable compensator for the PCC voltage controller should be chosen. The
PCC Vp controller shown in Fig. 4.7 and the PCC V{ controller shown in Fig. 4.2
demonstrate similar dynamic characteristics. The only difference between the
two control loops is the static gains. Therefore, an integrator with a gain iden-
tified as a suitable compensator for the PCC Vg controller can be applied in the
PCC Vp controller as well.

The closed-loop transfer function of the PCC Vp controller with the chosen

compensator can be derived as,

2gk
%GVgP (8>

GVchli(S) ? (415>

where k,;, is the gain of the integrator. Equation (4.15) can be simplified as,

1
Crypua(5) = 75— (4.16)
(KppRg> s+1
where
2gk
Ky, = —Vgip'

According to (4.16), the dynamic performance that determines the time con-
stant of the PCC Vp controller depends on the gain of the controller as well as the
grid impedance that is seen by the PV system at the PCC. The time constant of
GV,pe; () is set to 0.2 s when the grid impedance is (0.4 + j0.25) Q. The chosen
time constant for the closed-loop PCC Vp controller is high enough to decouple
this controller from the rest of the control system that is associated with the

active power transfer of the PV system. With the chosen time constant for the

)
.27
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and if the reference grid impedance is applied,

K,y = 12.5.

For the given operating conditions of the PV array illustrated by Fig. 4.8,
g =—T70 W/V. Further Vg, = 253v/2 V. Hence,

kpp = 32.

The performance of the PCC Vp controller is evaluated by integrating that
controller to the simulation model of the PV system developed in Chapter 3.
At the beginning of the simulation study, the PCC Vg controller of the PV
system was disabled and the PCC voltage reference, Vymrer, Was set to 253/2.
Simulation results of the PCC voltage controller are shown in Fig. 4.10. Initially,
the PCC Vp controller was deactivated but at ¢ = 1 s it was activated. As
shown in Fig. 4.10(a), the controller was able to regulate the PCC voltage at the
reference voltage. The steady-state has been reached within 1 s.

Since the time constant of the PCC voltage controller is chosen as 0.2 s,
the steady-state should be attained within 1 s after a disturbance. The simula-
tion results verify this performance criteria and hence the design criteria of the
PCC Vp controller. Further, the dynamic response of the PCC Vp controller is
slightly different to the dynamic response of a first order system. This deviation
of the response is due to the linear approximation of the characteristic curve of

the PV array that was made in deriving the expression for Block B in Fig. 4.7.

4.6 Advanced PCC voltage control strategies for PV sys-

tems

The PCC voltage of a grid-connected PV system can be regulated at a set ref-

erence voltage with the PCC Vi controller and the PCC Vp controller discussed
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Figure 4.10: Dynamic performance of the PCC Vp controller; (a) rms voltage of
the PCC (V) and (b) active power injected to the grid (FP,) by the PV system

in this Chapter. If power is curtailed in order to regulate the PCC voltage of
the PV system as can be achieved using the PCC Vp controller, two different
operating strategies that combine the operation of the PCC V{ controller and

the PCC Vp controller can be proposed.

4.6.1 Fixed minimum lagging power factor operation

The minimum lagging power factor at which a grid-connected energy system via
an inverter should be operated is specified as 0.95 in the Australian standard
AS4777.2 [7]. Even if the active power is curtailed to regulate the PCC voltage of
the PV system, by adhering to this standard, the minimum lagging power factor
of the PV system can be maintained at 0.95 and such an operation of the PV
system is described in this Section.

In Fig. 4.11(a), the fixed minimum power factor operation of a PV system is
illustrated using a P — () plane. Here, S, is the rated apparent power capacity of

the VSC that interfaces the PV system to the grid and the lagging power factor,
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Figure 4.11: Advanced operating strategies for a PV system; (a) fixed minimum
power factor operation and (b) fixed maximum apparent power operation
cos(¢) = 0.95. At a given time, the active power injected to the grid by the PV
system is P,. At the operating point a, the PV system is injecting the nominal
active power, P,, of the PV system to the grid and hence P,/P, = —1. The
PCC Vg controller is active from a to b, and the controller saturates at b as a
result of the PV system reaching the minimum lagging power factor limit. After b,
the MPPT of the PV system is disabled and the PCC Vp controller is activated.
The operating point of the PV system moves towards o from b until the PCC
voltage is regulated at the reference voltage. Although the PCC Vj controller
is active from b to o, it does not contribute to dynamic PCC voltage regulation
actively since the controller is saturated.

The operation of the PV system at a minimum lagging power factor is en-
sured by the fixed minimum power factor operation of the PV system. In this
operating mode, the full capacity of the PV system may not be utilised most of
the time. Further, when the PCC Vp controller is enabled, in order to maintain
the minimum lagging power factor, the reactive power absorbed from the grid is
reduced in proportion to the amount of active power curtailed. The reduction in
the amount of reactive power absorbed by the PV system causes further active

power curtailment in order to regulate the PCC voltage at the reference level.
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4.6.2 Fixed maximum apparent power operation

The purpose of defining a minimum power factor in the Australian standard
AS4777.2 [7] is to minimise the reactive power flow in the grid in order to reduce
the network losses and to avoid overloading the distribution transformer in a
large installation of grid-connected energy systems via inverters. The weakest
nodes in an LV grid are the most sensitive nodes to voltage variations and are the
most effective nodes to regulate the voltage. If the reference voltages of dynamic
active and reactive power controllers are properly selected, the PV systems at
weak nodes may start regulating the respective PCC voltage before the other PV
systems in the grid. If the PCC voltage regulation is enabled without limiting
the reactive power absorption to a minimum lagging power factor operation but
limiting to the available capacity of the VSC, the PV systems at the strong nodes
of the grid may not need to contribute to the voltage regulation of the network.
However, the PV systems at weak nodes may contribute to voltage regulation of
the grid utilising their rated capacity. Hence reactive power flow in the network
may be minimised.

The fixed maximum apparent power operation of a PV system is illustrated
in Fig. 4.11(b). The operation of the PV system from a to b is the same as that
was described in Section 4.6.1. At b, the PCC Vg controller is saturated and the
PCC Vp controller is activated. Unlike fixed minimum power factor operation,
when power is curtailed to regulate the PCC voltage of the PV system, a pro-
portional amount of reactive power is absorbed by the PV system. Hence, after
b, active power curtailment as well as the additional reactive power absorbed by
the PV system contribute to PCC voltage regulation. Although the PCC V, con-
troller is enabled after b, it does not contribute to voltage regulation actively since
the controller is saturated.

Since the rated capacity of the VSC that interfaces the PV system to the grid
is used, the active power curtailment to regulate the PCC voltage in the fixed
maximum apparent power operation is less compared to the fixed minimum power
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factor operation of the PV system. In the fixed minimum power factor operation,
the PV system may disconnect from the grid after curtailing active power up to
a certain level. However, in fixed maximum apparent power operation the PV
system stays connected to the grid even though injecting no active power while

absorbing reactive power to regulate the PCC voltage.

4.7 Experimental results

The dynamic performance of the PCC Vg controller and the PCC Vp controller,
and the feasibility of implementing the novel operating strategies proposed for
a PV system in this Chapter, were experimentally verified and the results are
presented and discussed in this Section. The experimental setup of a single-
phase, grid-connected, two-stage PV system established in the laboratory was
used to obtain test results.

A California Instruments MX30 AC and DC power source in combination
with an OMNI 3 — 75 impedance bank was used to simulate the LV grid. The
impedance of the simulated grid was (0.25 + 50.25) Q3. All experimental results
presented in this Section consists of 4 waveforms; (1) the rms voltage at the PCC
of the PV system, Vj, (2) reactive power injected to the grid, (), (3) active power
injected to the grid, P,, and (4) the current injected to the grid by the PV system,
ig. The first three quantities, Vg, Q) and F,, were obtained through the controller
and displayed on the oscilloscope via digital to analog (D/A) conversion channels.
The ripple on the waveform of V; is an artifact of the analog to digital (A/D)
conversion of the measured PCC voltage.

In the controller of the experimental PV system, the voltage reference of
the PCC Vg controller and the PCC Vp controller was set as 253v/2 V. The
practical results showing the dynamic performance of the PCC Vj, controller and

PCC Vp controller and also the proposed novel operating strategies were obtained

3This impedance is different to that is used in simulation studies as specified in Section 4.2.
This was because a matching impedance was not available at the time of testing.
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by introducing a step voltage change in the grid that causes the peak value of the
PCC voltage of the PV system to rise above 253v/2 V.

According to (4.4), the dynamic performance of the PCC Vj controller de-
pends on the reactance, X, but not on the resistance, R, of the grid impedance
seen by the PV system at the PCC. The reactance values of the grid impedance
as used in the simulation and experimental setup are similar. Hence, the gain of
the integrator as used in the simulation work presented in Section 4.4.5 was used
in the controller of the experimental PV system so that the steady-state of the

PCC Vg controller is reached within 1 s.

Agilent Technologies MON JUN 17 20:05:26 2013
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Figure 4.12: Performance of the PCC V{; controller: Chl: rms voltage of the PCC
(V) [6 V/div] Ch2: reactive power injected to the grid (Qg) [1 kVAr/div], Ch3:
active power injected to the grid (P,) [1 kW/div], Ch4: current injected to the
grid (ig) [10 A/div], Time base [200 ms/div]

The dynamic performance of the PCC Vg controller is shown in Fig. 4.12. The
controller was configured to activate once the peak value of V exceeds 253v2 V.
After the step voltage change in the grid, the PCC voltage is seen to be regulated
at the reference level by absorbing approximately 1.75 kVAr of reactive power
and the steady-state has been reached within approximately 1 s.

Unlike in the case of the PCC Vg controller, the dynamic performance of the
PCC Vp controller depends primarily on the resistance of the grid impedance,

R,, as per (4.12). The resistance of the grid impedance in the simulation work
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Figure 4.13: Performance of the PCC Vp controller: Chl: rms voltage of the PCC
(Vy) [5 V/div] Ch2: reactive power injected to the grid (Qg) [1 kVAr/div], Ch3:
active power injected to the grid (P,) [1 kW/div], Ch4: current injected to the
grid (ig) [10 A/div], Time base [200 ms/div]

presented in Section 4.5.3 and the experimental PV system are different in mag-
nitude. Therefore the gain of the integrator of the PCC Vp controller, k,, is
calculated as 51 to obtain the steady-state response of the PCC Vp controller of
the experimental PV system within 1 s, assuming the characteristics of the PV
array are as shown in Fig. 4.8.

Fig. 4.13 illustrates the dynamic performance of the PCC Vp controller. After
the step change in voltage of the grid that causes the PCC voltage to rise above
253 V, the controller has been able to regulate the PCC voltage at 253 V by
curtailing approximately 1 kW of active power. The steady-state has been reached
within approximately 1 s. As shown, the smoothness of the P, variation has been
degraded when P, is curtailed to regulate the PCC voltage. This behaviour is
introduced by the PV emulator used in the experimental PV system since the PV
emulator is unable to maintain a steady operating point at lower power levels.
The variation of P, as shown in Fig. 4.13 is comparable with that of Fig. 4.10(b).

The fixed minimum power factor operation and the fixed maximum apparent
power operation of the experimental PV system are illustrated in Fig. 4.14 and

Fig. 4.15 respectively. In the respective operating modes, the minimum power
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Figure 4.14: Fixed minimum lagging power factor operation of the PV sys-
tem: Chl: rms voltage of the PCC (V) [5 V/div] Ch2: reactive power in-
jected to the grid (Qg) [1 kVAr/div], Ch3: active power injected to the grid
(P;) [1 kW/div], Ch4: current injected to the grid (i,) [10 A/div], Time base
200 ms/div]
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Figure 4.15: Fixed maximum apparent power operation of the PV system: Chl:
rms voltage of the PCC (V) [5 V/div] Ch2: reactive power injected to the grid
(Qg) [1 kVAr/div], Ch3: active power injected to the grid (FPy) [1 kW /div], Ch4:
current injected to the grid (i) [10 A/div], Time base [200 ms/div]

factor was set as 0.95 lagging and the maximum apparent power of the VSC was
limited to 3.2 kVA. In both operating modes, the PCC V, controller was triggered
upon PCC voltage exceeding 253 V. This means that the corresponding controller

saturates upon reaching the reactive power limit specified by the operating mode
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at a and b in Fig. 4.14 and Fig. 4.15 respectively. In both operating modes, the
PCC Vp controller has been triggered when the PCC V{, controller saturates and
power curtailment commenced in order to regulate the PCC voltage at 253 V. As
illustrated in Fig. 4.15, in the fixed maximum apparent power operation of the
PV system, the PCC voltage can be regulated by curtailing a smaller amount of
active power and obviously absorbing a larger amount of reactive power from the
grid, unlike in the fixed minimum power factor operation of the PV system as

illustrated in Fig. 4.14.

4.8 Chapter summary

In this Chapter, two closed-loop PCC voltage controllers for grid-connected PV
systems were proposed. The proposed PCC V, controller regulates the PCC volt-
age of a PV system dynamically by controlling the reactive power response of the
PV system and PCC Vp controller regulates the PCC voltage of a PV system dy-
namically by controlling the active power response of the PV system. The plant
models of the PCC Vj, controller and the PCC Vp controller were derived. Three
different compensators were evaluated to identify suitable compensators for the
proposed PCC voltage controllers. Two novel operating strategies, namely fixed
minimum lagging power factor operation and fixed maximum apparent power
operation were proposed. Based on the simulation and experimental results pre-

sented in this Chapter, following conclusions can be drawn.

e The PCC Vj controller and the PCC Vp controller proposed in this Chapter
are able to regulate the PCC voltage of a grid-connected PV system at a
given reference voltage with zero steady-state error by controlling the active

or reactive power response of the PV system.

e In order to accurately regulate the PCC voltage at a given reference level,
a suitable compensator should be included in the proposed PCC voltage

controllers. Between the three different compensators that were evaluated,
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the scaled integrator has been found as the most suitable compensator for
regulating the PCC voltage of the PV system at a given reference voltage

leading to zero steady-state error.

e The derived plant models of The PCC Vj, controller and the PCC Vp con-
troller are accurate since the dynamics of the designed PCC voltage con-
trollers are predictable. Simulation results and experimental validations
presented in this Chapter prove that the controller design procedures illus-

trated are accurate and robust.

e The fixed minimum power factor operation that was proposed by combining
closed-loop PCC voltage controllers, minimises the reactive power consump-
tion while staying connected to the grid until the power is curtailed to a
specified level. Unlike in the fixed minimum power factor operation, the
maximum apparent power operation proposed in the Chapter may utilise
the full capacity of the VSC that interfaces the PV system to the grid.
Therefore, with the maximum apparent power operation of a PV system,
PCC voltage regulation may be achieved with minimum active power cur-
tailment. Further, the maximum apparent power operation the PV system
may provide voltage support with reactive power even without injecting

any active power to the grid.

e Overall, the closed-loop PCC voltage controllers proposed in this Chapter
will lead to effective and robust PCC voltage regulation of a PV system
employing both active and reactive power. Further, the novel operation
strategies proposed will enable effective utilisation of PV systems in order

to contribute to grid voltage control.

PV systems integrated with dynamic PCC voltage controllers developed in
this Chapter are used to identify interactions between PV systems. The identified

interactions between PV systems are mainly discussed and illustrated in the next
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chapter, Chapter 5. The key observations discussed in the current chapter form

the basis for most of the analysis presented in Chapter 5.
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Chapter 5

Dynamic interactions between

multiple PV systems

5.1 Introduction

In a public LV electricity network to which multiple solar PV systems are inte-
grated, the grid voltage can be controlled by regulating the PCC voltage of each
PV system. A PV system that is integrated with a closed-loop PCC voltage con-
troller, such as that covered in Chapter 4, is able to regulate the PCC voltage of
the PV system dynamically at a set reference voltage level with zero steady-state
error. Multiple PV systems that are connected to a grid and that are integrated
with individual dynamic PCC voltage controllers, can be used to control the grid
voltage dynamically. However, when such multiple PV systems operate electri-
cally close to each other there is a possibility for control interactions to exist
between different PV systems.

Only limited research studies exist related to control interactions between
multiple PV systems which are equipped with individual dynamic reactive power
controllers. Therefore, in this chapter, a detailed analysis is performed to identify
such problems. In the current research, only PV systems that are interfaced to
the grid via current-controlled VSC and those control the respective PCC voltage

with PCC Vg controllers developed in Chapter 4 are considered.
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5.2 Dynamic performance of a PV system

The PCC voltage of a grid-connected PV system can be dynamically regulated
by employing the PCC Vg controller developed in Chapter 4. That controller
controls the reactive power response of a PV system. The control system of
a grid-connected PV system consists of a number of control loops that have
different response times. In order to maintain the dynamic stability of the total
control system and in certain situations to ensure decoupling between different
control loops, the innermost control loops have shorter response times while the
outer control loops have comparatively long response times. The overall dynamic
performance of a PV system is dictated by the control loops that have longer
response times as confirmed by the simulation and experimental results of a grid-
connected PV system presented in Chapters 3 and 4. In a PV system that is
able to dynamically regulate the PCC voltage, the most outer control loop is
formed by the PCC Vj controller. Since the PCC Vg, controller has the longest
response time in the control system of the PV system as designed in Chapter 4,
that controller determines the overall dynamic performance of the PV system.
Therefore the dynamic performance of the PCC Vj controller is of interest in this
section to demonstrate the dynamic performance of a grid-connected PV system.

The dynamic behaviour of the closed-loop PCC Vj controller of a PV system
can be mathematically presented as given in (5.1) if a scaled integrator is used as
the compensator. The derivation of (5.1) was given in Chapter 4. In (5.1), Vg
is the peak value of the PCC voltage of the PV system. The PCC Vj, controller
is a first-order system according to (5.1). The response time of the controller is
inversely proportional to the inductive part X, of the grid impedance that is seen

at the PCC of the PV system and the gain of the compensator, kp,.

1
Vem
<2kpgqxg> s+1

The PSCAD/EMTDC simulation program was used to develop a simulation

Gng (S) =

(5.1)
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Figure 5.1: Network model of a grid-connected PV system

model of the network shown in Fig. 5.1. The simulation model of a PV system
developed in Chapter 3 was integrated to the network as the PV system, PVj.
The PCC Vg controller developed in Chapter 4 was integrated to PV3 and a
scaled integrator was used as the compensator. In Fig. 5.1, ()3 is the reactive
power absorbed by PV3 and Ignq3 is the peak value of the resulting reactive
current. Vg3 is the rms voltage at the PCC of PV3. The grid impedance at the
PCC of PV3 was (0.28 + j0.27) Q. With this impedance, the compensator gain
of the PCC Vj controller was set so that steady-state was obtained within 1 s.
Further, the reference voltage of the PCC V{; controller was 253v/2 V and the
controller was configured to operate only if the peak value of the PCC voltage is
greater than the reference voltage level.

Simulation results shown in Fig. 5.2 illustrates the dynamic performance of
the PCC Vg controller of PVy in the network model shown in Fig. 5.1 after
a step change in the grid voltage, V; at node Ny. As shown in Fig. 5.2, the
PCC Vg controller has been able to regulate the PCC voltage of PV at the
reference voltage level nearly within 1 s after the applied step change in the grid
voltage. The dynamic variation shown in Fig. 5.2 is similar to that of the step

response of a first-order system.
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Figure 5.2: Single PV system operation - dynamic performance of the PCC Vg
controller following a disturbance; (a) rms voltage of the PCC and (b) reactive
power absorbed from the grid (@) by the PV system

5.3 Dynamic performance of a PV system in an installa-

tion of multiple PV systems

In a network with multiple PV systems that are operating electrically close to each
other, the dynamic performance of an individual PV system may be different to
that was described in Section 5.2 of this chapter as a result of control interaction
between PV systems. In this section, results of simulation studies performed to
identify possible control interactions between two PV systems that regulate the
respective PCC voltage using PCC Vj, controllers are presented.

The dynamic responses of PCC Vj controllers of two PV systems were ob-
tained when these PV systems were connected at the same node. In the simulation
study performed, PV, and PV3 were connected to node N3 of the network model
shown in Fig. 5.3, at which the grid impedance was (0.28 + j0.27) 2. The PV
systems were modelled using the detailed simulation model of the PV system

developed in Chapter 3 and the control systems of PV systems, PV, and PV3
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Figure 5.3: Network model of two PV systems connected at the same node

were identical. The PCC Vg controller developed in Chapter 4 was integrated to
both PV, and PV3 and the gains of PCC Vj, controllers in both PV systems were
set to the same value. The reference voltages of PCC Vi, controllers were set as
253v/2 V and the controllers were configured to operate only if the peak value of

the PCC voltage is greater than the reference voltage.

25

Reactive power (kVAr)
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Figure 5.4: Operation two PV systems connected at the same node - dynamic
performance of PCC Vg controllers following a disturbance; (a) rms voltage of
the PCC and (b) reactive power absorbed from the grid (Q)4) by the PV system

The simulation results shown in Fig. 5.4 demonstrate the dynamic behaviour
of PCC Vg controllers of PV, and PV3 when both PV systems were connected

at N3 of the network shown in Fig. 5.3. In this simulation case, the gains of
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PCC Vg controllers were 3465. If PVy and PV3 were operated individually
when connected at node N3 of the network shown in Fig. 5.3, the steady-state of
PCC Vg controllers should have been reached within 1 s. However, when PV,
and PV3 were operated simultaneously, the steady-state of PCC V( controllers
have been reached within 0.5 s that is a half of the time to reach the steady-
state if PV systems were operated individually when connected at node N3 of the
network shown in Fig. 5.3. Such a reduction in response time of PCC V con-
trollers of the two PV systems were because those controllers had similar dynamic

characteristics and were controlling the voltage at the same node.
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Figure 5.5: Network model of two grid-connected PV systems

The dynamic responses of PCC V controllers of two PV systems were ob-
tained when these systems were separated by a impedance as shown in Fig. 5.5.
The network model shown in Fig. 5.5 was modelled in PSCAD/EMTDC simula-
tion program. In the simulation model, the grid impedance at the PCC of PV,
was (0.25 4 j0.25) 2 and that at the PCC of PV3 was (0.28 4 j0.27) Q. If PV,
and PV3 were operated individually, the PCC Vg controller in PV, would have
reached the steady-state within 1.4 s and the PCC Vg controller in PV3 would
have reached the steady-state within 1 s. The time difference in reaching the
steady-state of PCC Vg controllers in PVy and PV3 when these PV systems are
operated individually is due to the difference in grid impedance at the distinct
PCCs of the two PV systems.

The dynamic behaviour of PCC Vj controllers of PV, and PV3 of Fig. 5.5

when these two PV systems were operated simultaneously during a grid voltage
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Figure 5.6: Operation of multiple PV systems - dynamic performance of PCC Vg
controllers following a disturbance; (a) rms voltage of the PCC and (b) reactive
power absorbed from the grid (@) by the PV system
disturbance is shown in Fig. 5.6. The figure illustrates that the steady-state of
both controllers was reached within 25-30 s following the grid disturbance. The
time taken by PCC V{, controllers of the two PV systems to reach the steady-state
when two PV systems were operated simultaneously was larger than was expected
if these PV systems were operated individually. Fig. 5.2(b) and Fig. 5.6(b) clearly
illustrates that when two PV systems are operated electrically close to each other,
the dynamic behaviour of the PCC V{, controller of one PV system is affected by
the operation of the PCC V{ controller of the other PV system because of dynamic
interactions between PV systems. The dynamic response shown in Fig. 5.6(b) of
the PV system is similar to the dynamic behaviour of a first-order system which
has a considerably long response time.

Simulation studies were carried out further to identify the impact of set val-
ues of reference voltages of PCC V( controllers on the dynamic performance of
PCC Vg controllers of PV, and PV3 in the network model shown in Fig. 5.5. The

simulation results obtained after setting two different reference voltages have con-
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firmed that the values of the reference voltages of PCC Vi controllers have no
impact on the overall dynamic behaviour of PCC V{, controllers of PV, and PV3.

The sensitivity of controller gains of PCC V{ controllers on the dynamic
performance of PV, and PV3 were analysed by increasing the gains. When the
gains of PCC Vj controllers of PV, and PV3 were increased, the steady-state
of PCC Vg controllers were reached within a shorter period of time than that is
shown in Fig. 5.6. Simulation results of PV3 obtained after increasing the gains
of PCC Vg controllers of PV, and PV3 of the network model shown in Fig. 5.5
to 34650 from 3465 are shown in Fig. 5.7. According to Fig. 5.7, when gains were
increased, the steady-state of PCC Vj controller of PV3 have been reached within
a very short period of time. A similar difference was observed in the dynamic

response of PVy as well.
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Figure 5.7: Operation of multiple PV systems with higher controller gains -
dynamic performance of PCC Vg controllers following a disturbance; (a) rms
voltage of the PCC and (b) reactive power absorbed from the grid (Q);) by the
PV system

The dynamic response shown in Fig. 5.7 illustrates an oscillatory dynamic

behaviour unlike the dynamic response shown in Fig. 5.6. This can be explained
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as follows. The PCC Vg controller is the most outer control layer of a PV system.
Hence, the PCC Vj, controller is designed to have a longer response time in order
to decouple the dynamics of that controller from the rest of the control system of
the PV system. The required response time of the PCC Vj; controller is obtained
by selecting a suitable gain for the compensator of the controller. When the gain
of the PCC Vj controller of a PV system is 3465 and the grid impedance at the
PCC of the PV system is (0.28 + j0.27) €, the steady-state of the PCC V, con-
troller is reached within 1 s. The response time of 1 s in the PCC Vj controller
is adequate to decouple this controller from the rest of the control system of the
PV system as shown in Chapter 4. When the gain of the PCC Vj controller is
increased from 3465 to 34650, the response time of the controller becomes very
short. Further, dynamic decoupling between the PCC Vj; controller and the rest
of the control system has been degraded resulting oscillatory dynamics as shown
in Fig. 5.7. Therefore, though the dynamic interactions between PV systems
demonstrated in Fig. 5.6 can be minimised by increasing gains of PCC V{ con-
trollers that is not the most suitable method to use.

Droop control is widely used in control systems for electrical machines and
power electronic drives. Such a controller is able to extend the operating range of
a power converter system that the controller is built into, improve the dynamic
stability when multiple converter systems are operated electrically close to each
other and to enforce automatic load sharing [14][66]. Therefore a droop controller
was integrated to the PCC Vg controller and control interactions between multiple
PV systems were investigated.

The network model shown in Fig. 5.5 was used to investigate control in-
teractions between PV systems when droop controllers are integrated to the
PCC Vg controllers of PV, and PV3. The droop controller shown in Fig. 5.8
was integrated to the PCC Vg controller of PV, and PV3. In Fig. 5.8, @, is the
reactive power injected by a PV system to the grid. The simulation results of

PV, and PV3 obtained during a grid voltage disturbance are shown in Fig. 5.9.

111



€k kg Qret| 2 Igmqref Igmq ng
= - Goc(s) % Gy &) >

Droop characteristics

Figure 5.8: Control block diagram of the PCC V{ controller integrated with a
droop controller

According to Fig. 5.9, the PCC V{, controllers of PV, and PV have reached the
steady-state within 1 s when droop controllers were integrated. When dynamic
variations of @) in Fig. 5.6 and Fig. 5.9 are compared, the droop controller has
been able to minimise the effect of control interactions between PV systems and

improve the reactive power sharing between PV systems.
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Figure 5.9: Operation of two PV systems integrated with droop control in PCC Vg,
controllers - dynamic performance of PCC V{; controllers following a disturbance;
(a) rms voltage of the PCC and (b) reactive power absorbed from the grid (@)
by the PV system

The impact of the number of PV systems connected to a grid on the dynamic

behaviour of PV systems were investigated by increasing the number of PV sys-
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Figure 5.10: Network model of three grid-connected PV systems
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Figure 5.11: Operation of three PV systems - dynamic performance of PCC Vg
controllers following a disturbance; (a) rms voltage of the PCC and (b) reactive
power absorbed from the grid (()) by the PV system.

tems connected to the network model shown in Fig. 5.5. The network model
shown in Fig. 5.10 was used to investigate the dynamic behaviour of PV systems
when three PV systems are operated simultaneously. The dynamic behaviour of
PCC Vg controllers when all three PV systems, PV;, PV, and PV3, were oper-
ated simultaneously are shown in Fig. 5.11. According to the results shown, all
three PV systems have attempted to regulate respective PCC voltage by absorb-
ing reactive power from the grid followed by the disturbance. After about 2 s,
PCC Vg controller of PV, has saturated at zero since the controller had been
configured only to absorb reactive power. As a result, after about 2 s of the simu-

lation time only two PV systems were dynamically regulating the voltage. Hence,
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the dynamic behaviour of PV systems illustrated after 2 s of the simulation is
similar to that is shown in Fig. 5.6. These results will be further discussed in
Section 5.5.

Simulation results presented in Fig. 5.6, Fig. 5.4, Fig. 5.7 and Fig. 5.11 con-
firm that the operation of the PCC Vj controller of a PV system can affect the
dynamic performance of the PCC Vi controller of another PV system. Hence,
there are control interactions between multiple PV systems. The ability of a
droop controller to minimise the effects of identified control interactions between
PV systems has been confirmed by the simulation results shown in Fig. 5.9. The
existence of control interactions between multiple PV systems identified in this
section and the ability of a droop controller to minimise the effects of control
interactions between PV systems are mathematically and experimentally verified

in following sections of this chapter.

5.4 Small-signal model of a multiple PV installation

The control interaction in a multi-machine power system can be analysed by de-
veloping a small-signal model and then performing modal analysis [67]. Similarly,
control interaction between multiple PV systems can be analysed as identified in
Chapter 2. Therefore, in this section, a small-signal model of a power distribution
feeder to which multiple PV systems are integrated is developed. Further, modal
analysis is performed by using the developed small-signal model to verify control
interaction between PV systems identified in Section 5.3.

As stated in Section 5.2, the PCC Vj controller is the outermost control
loop of a PV system and is implemented to have a comparatively long response
time relative to the response times of other control systems in the inner control
loops system. As a result, the PCC V{, controller is decoupled from the rest of the
control system of the PV system and determines the overall dynamic performance
of the PV system. Therefore, while developing the small-signal model of a PV

system only the PCC Vj controller is considered and the dynamic behaviour of
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other controllers in the PV system are ignored.

A
™
°

Figure 5.12: Forward path of the PCC Vj; controller

The forward path of the PCC Vi controller of a PV system is shown in
Fig. 5.12 where, Vgmret and Vi, are the reference voltage and the peak value of
the measured voltage at the PCC of the PV system respectively. A PI regulator is
used as the compensator where £, and k; are the proportional and integral gains
of the PI regulator respectively. Q. is the reactive power reference determined
by the PCC Vj controller and I, is the peak value of the reactive current
absorbed by the PV system. In the actual control system of the PV system, Q¢
is an input to the current controller. Since the dynamics of the inner control
loops are ignored while developing the small-signal model of the PV system, Ionq
can be considered to change instantaneously for a given change in QQ.r. In the
actual PV system, the peak value of the PCC voltage, Vi, and also the angle
of the PCC voltage are obtained by a phase-locked-loop (PLL) as described in
Chapter 3. Since the PLL also has a short response time compared to the PCC
Vi controller, any change in the PCC voltage is considered to appear in the PCC
Vo controller instantaneously. In Fig. 5.12, z, is a state variable of the PCC Vg

controller that can be expressed as given in (5.2).
1
Lq = g(‘/gm - ‘/gmref) (52)
Equation (5.3) can be obtained by linearising (5.2).

Adq = AV (5.3)
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Further,

Qref = kp(‘/gm - ‘/gmref) + k’jSCq, (54)

and by linearising (5.4), (5.5) can be obtained.

AQiet = kipAVien + kiAzg (5.5)

The output Iy of the PCC Vj controller can be expressed as given in (5.6).
When (5.6) is linearised, (5.7) can be obtained. In (5.7), Vgmo is the initial value
of the peak value of the PCC voltage and Igyqo is the initial value of the peak

value of the reactive current absorbed by the PV system from the grid.

1
Tgmq = 2 X Quer X v (5.6)
gm
2 Lomao
AlLyg = —AQ,ef — 2L AV, 5.7
gmq ngo Q f ngo g ( )
From (5.5) and (5.7),
2 Iomqo
Al = o (kpAVi + kiAzg) — EC AV,
V:ng vam()
2k; 2k Lomao
Al = —— Az +< p—ﬂ)m/m. 5.8
e ‘/gm() 4 R ngO ‘/ng 9 & ( )
. M

A model of a single-phase LV power distribution feeder to which n number of
PV systems are integrated is shown in Fig. 5.13. In the figure, Qg; (7 = 1,2,...,n)
indicates the reactive power absorbed by PV; to regulate the voltage at the node
N; and I, is the peak value of resulting reactive current. Vj; is the PCC voltage
and the peak value of Vj; is Vgp;. The PCC Vg controllers in all PV systems are
expected to operate when the LV power distribution feeder is lightly loaded and
in situations where the power generation from PV systems are high. Hence, the
loads connected to the LV power distribution feeder are not considered and such

loads are not shown in the figure. The LV power distribution feeder is considered
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to be connected to a stiff voltage source V; at the node Nj.

Ny
R X N R X N, R X Ny R X Noi R X N,
¥ Igmq1,Qq1 ¥ Iymq2, Qg2 ¥ Igmes Qg3 ¥ Igmg(n-1), Qg(n-1) ¥ Lymgn Qgn
Vs Voo —— Voo—— Ves—— e Von——

£ I S N £ B 1 i

‘I I‘I I‘ ‘I I‘I
=8 mad = =8 -

PV, PV, PV3 PVia PV,

Figure 5.13: Network model of power distribution feeder with multiple PV sys-
tems

By applying nodal analysis on the network shown in Fig. 5.13, (5.9) can
be derived. In (5.9), Y;; and Y}, (j,k = 1,2,...,n) are the summation of all
admittances connected to the node N;, and the admittance between node N; and
N, respectively. When reactive power is absorbed by a PV system to regulate the
PCC voltage, the magnitude and the phase angle of the respective PCC voltage
are affected. At the same time, the magnitude and the phase angle of voltages of
other sensitive nodes are also affected. Since the dynamic response of the PLL
that determines the phase angle of the PCC voltage of a PV system is considered
to have a fast response while deriving the small-signal model of a PV system, only
the sensitivity of the peak value of the PCC voltage, Vo, of the PV system PV, to

the reactive current, /, that is absorbed by the PV system PV is represented

mqj s
in (5.9). In a grid-connected PV system, the change in the peak value of the
PCC voltage as a result of absorbing reactive power is a function of the network
impedance at the respective PCC. The network impedance is formed by both
resistive and reactive components. The change in the peak value of PCC voltage
when reactive power is absorbed by a PV system as a result of the resistance of

the network impedance is insignificant compared to change in the peak value of

voltage as a result of the reactance of the network impedance. Therefore, the
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admittance matrix [Y] can be considered to be formed by the reactances only.

I gmql

I gmq2

gmqn

When (5.9) is linearised, (5.10) can be obtained.

Algmqt
Algmq2

Algman

Y Yo Yin
Yor Yo Yo,
Ynl Yn2 _Ynn

v]

-Yn Y Yin
Yor Yo Yon
Ynl Yn2 _Y’rm

V]

‘/gml
‘/ng

‘/gmn

A Vrgml
AVgma

A vamn

(5.9)

(5.10)

The dynamic behaviour of the PCC Vi, controller of the PV system PV (j =

1,2,...,n) can be represented by (5.8). The dynamic behaviour of PCC Vj, con-

trollers in all of the PV systems shown in Fig. 5.13 can be represented in a matrix

form as given by (5.11).

Algmql C1 0 0 AZqu dl 0 0 A‘/gml
Algmqg 0 C1 0 A.Cl?qg 0 dl 0 A‘/gmg
ATg] €l [AXq] D] (AVa

(5.11)
By substituting (5.10) in (5.11), (5.12) can be obtained.
[AVA] = [Y = D] [C][AXq] (5.12)
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Equation (5.12) can be further simplified by substituting (5.3) and leading
to (5.13) where A is the system matrix and the eigenvalues of the system ma-
trix corresponding to system modes. The dynamic stability of a system can be

analysed by analysing system modes.

AXq] = [V - D [C]AX) (5.13)
A

5.5 Modal analysis

The small-signal model of an LV power distribution feeder connected with PV
systems, developed in Section 5.4 of this chapter is the subject of modal analysis
in this section. The network model shown in Fig. 5.10 that is used to identify
control interactions between two PV systems in Section 5.3 of this chapter is
considered to perform the modal analysis. In the network shown in Fig. 5.5,
three PV systems are connected to an LV power distribution feeder at the end
of the feeder. The system parameters that are necessary to perform the modal
analysis are given in Table 5.1. PCC V{ controllers of all PV systems have
identical gains. The initial conditions of all three PV systems are assumed to be
similar.

The eigenvalues of the system matrix of the network model shown in Fig. 5.10
can be determined by using (5.13) and the parameters given in Table 5.1. Ini-

tially, simultaneous operation of only two PV systems were considered. Therefore,

Table 5.1: System parameters of the network model

Parameter Value
Fp1, kp2, kps 0
ki, kig, Kig 3465
Vemo1, Vemo2, Vamos 2532 V
Loo15 L2, Lqo3 0A
Xo1, X2, Xo3 0.23 €2, 0.02 2, 0.02 2
Ro1, Ri2, Ras 0.22 2, 0.03 2, 0.03 €2
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modal analysis was performed considering that PV, of Fig. 5.10 was disconnected
from the network. The corresponding eigenvalues obtained are given in (5.14).
According to the eigenvalues obtained, there are no oscillatory modes in the sys-
tem since all modes are critically damped. The critical mode is Ay as that is

closer to the origin in the complex plane than As.

Al —8.96
= (5.14)

Aao —0.24

The time-domain response of the critical mode of (5.14) is shown in Fig. 5.14
for a step change in the system. The dynamic characteristics of the critical mode
shown in Fig. 5.14 is similar to the slow dynamic variation that can be seen in
Fig. 5.6(b). Hence, the presence of control interactions between PV systems that
is identified in Section 5.3 is mathematically verified by the modal analysis.

The eigenvalues obtained considering all three PV systems were connected to
the grid are given in (5.15). According to the results, the critical mode, that is
As3, results PV systems to reach steady-state after about 60 s. However, such
fact is not verifiable by results shown in Fig. 5.11(b) since the PCC Vj, controller

of a PV system had been saturated at zero.

(2]

o Amplitudey

»

021

0 5 10 TimeJ$gc) 20 25 30

Figure 5.14: Time-domain response of the critical mode
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A3 —13.46
Moz | = | —0.49 (5.15)
As3 —0.17

The behaviour of critical system modes with addition of more PV systems to
the network shown in Fig. 5.10 can be analysed using the small-signal model de-
veloped in Section 5.4 of this chapter. Results obtained from such an analysis can
be summarised as follows. If additional PV systems are connected beyond PV3
of Fig. 5.10 after adding more line impedances beyond N3, the critical mode of
the system is critically damped and and will have a short response time than Ass3.
If more PV systems are connected in between the grid and PV, in Fig. 5.10, the
critical mode will continue to be critically damped but will have a long response
time than A33. However, similar to simulation results presented in Fig. 5.11, these
slow modes can disappear under actual unit operation as a result of saturated

PCC Vg controllers in PV systems.

5.6 Experimental results

The control interaction between PV systems that has been identified by simu-
lation studies and analysis in this chapter was experimentally verified using an
experimental setup of two, grid-connected PV systems. The experimental results
are presented in this section.

The schematic diagram of the experimental setup is similar to that is shown
in Fig. 5.5. A California Instruments MX30 AC/DC power source was used to
emulate the grid and two AMETEK TerraSAS PV units were used to emulate
PV arrays. In the experimental setup, network impedances are similar to that is
given in Table 5.1 with reference to Fig. 5.5. The gains of PCC V{, controllers of
PV, and PV3 were set to reach the steady-state within 1 s, if these PV systems
were operated individually while connected to the network shown in Fig. 5.5. The
values of the reference voltages of PCC Vy controllers were 253v/2 V.
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Agilent Technologies TUE DEC 03 18:50:32 2013

Figure 5.15: Single PV system operation - dynamic performance of the
PCC Vg controller in PVy: Chl: rms voltage of the PCC (V) [5 V/div], Ch2:
reactive power injected to the grid (@) [1 kVAr/div], Time base [200 ms/div]

Agilent Technologies TUE DEC 03 19:08:53 2013
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Figure 5.16: Single PV system operation - dynamic performance of the
PCC Vg controller in PVs: Ch3: rms voltage of the PCC (V) [5 V/div], Ch4:
reactive power injected to the grid (@) [1 kVAr/div], Time base [200 ms/div]

The dynamic response of the PCC Vj; controller in PV, in the experimental
setup when operated alone is shown in Fig. 5.15 during a disturbance in the
grid. As per the experimental results shown in Fig. 5.15, the steady-state of the
controller has been reached within about 1 s. Fig. 5.16 illustrates the dynamic
behaviour of the PCC V{ controller in PV3 which is similar to the dynamic
behaviour illustrated in Fig. 5.15 of PV,. As shown in Fig. 5.15 and Fig. 5.16,
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when PV, and PV3; were operated individually the steady-states of PCC Vg

controllers in these PV systems have been reached within 1 s.

Agilent Technologies THU DEC 05 20:57:48 2013
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g2

Figure 5.17: Operation of multiple PV systems - dynamic performance of the
PCC Vg controller in PVy: Chl: rms voltage of the PCC (V) [5 V/div], Ch2:
reactive power injected to the grid (@) [1 kVAr/div], Time base [2 s/div]

7. Agilent Technologies THU DEC 05 21:13:35 2013
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Figure 5.18: Operation of multiple PV systems - dynamic performance of the
PCC Vg controller in PVs: Ch3: rms voltage of the PCC (V) [5 V/div], Ch4:
reactive power injected to the grid () [1 kVAr/div], Time base [2 s/div]

%

In Fig. 5.17 and Fig. 5.18, the dynamic behaviour of PCC Vg controllers
when PV, and PV3 were operated simultaneously are shown. Similar to simu-
lation results presented in Section 5.3, the PCC Vg controllers in PV, and PV

have taken a longer time compared to the results in Fig. 5.15 and Fig. 5.16 to
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reach the steady-state when these two PV systems were operated simultaneously.
When PV, and PV3 were operated simultaneously, the steady-states of PCC Vg,
controllers in these PV systems have been reached within about 12 s. A close
observation of experimental results reveals that the PCC Vj controller of PV, has
been saturated at zero after about 12 s. As a result, only PV3 was actively reg-
ulating voltage after that time. The time difference of reaching the steady-state
of PCC Vg controllers in the simulation model of which results are presented in
Fig. 5.6 of Section 5.3 and in the experimental setup is mainly due to saturation
of PCC Vg controller in a PV system of the experimental setup. Despite the
fact that steady-state of PCC V{, controllers have been reached within about 12 s
because of the saturation of a controller, the experimental results verify the pres-
ence of control interaction between PV systems that was identified in Section 5.3.
Due to limitations in kVA rating of PV systems used in the experimental setup, it
was not possible to obtain experimental results that are comparable to simulation
results presented in Fig. 5.6 of Section 5.3.

The dynamic behaviour of PV systems with double the gains in the PCC Vj,
controllers of PVy and PV3 and when the PV systems were operated simulta-
neously are shown in Fig. 5.19 and Fig. 5.20. With higher control gains, the
steady-states of PCC V(y controllers have been reached within about 4 s, which
is shorter than time taken to reach the steady-state of PCC V controllers with
lower gains presented in Fig. 5.17 and Fig. 5.18. Therefore, these experimental
results verify that the effect of control interaction between PV systems can be
minimised by increasing the controller gains of PCC Vj controllers in PV systems.
However, the gain of the PCC Vj, controller in a PV system cannot be increased
without bounds because the dynamic stability of the control system of the PV
system can be affected. The dynamic behaviour of PV systems with five times
larger gains in PCC Vj controllers of PV, and PV3 are shown in Fig. 5.21 and
Fig. 5.22 when the PV systems were operated simultaneously. The oscillatory

behaviour of PCC Vi, controllers when controller gains were further increased
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can be clearly seen in Fig. 5.21 and Fig. 5.22.
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Figure 5.19: Operation of multiple PV systems with 2 times higher control
gains - dynamic performance of the PCC Vj controller in PVy: Chl: rms volt-
age of the PCC (V) [5 V/div], Ch2: reactive power injected to the grid (Qg)
[1 kVAr/div], Time base [2 s/div]

Agilent Technologies TUE DEC 10 2053:00 2013
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Figure 5.20: Operation of multiple PV systems with 2 times higher control
gains - dynamic performance of the PCC Vj controller in PV3: Ch3: rms volt-
age of the PCC (V) [5 V/div], Ch4: reactive power injected to the grid (Qg)
[1 kVAr/div], Time base [2 s/div]

As stated in Section 5.3, droop control is widely used in control systems of
electrical machines and power electronic drives to improve dynamic performances

of such systems specially when multiple units are operated close to each other.

The experimental results shown in Fig. 5.17 to Fig. 5.20 illustrates possible control
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Figure 5.21: Operation of multiple PV systems with 5 times higher control
gains - dynamic performance of the PCC Vj controller in PVy: Chl: rms volt-
age of the PCC (V) [5 V/div], Ch2: reactive power injected to the grid (@)
[1 kVAr/div], Time base [2 s/div]

Agilent Technologies TUE DEC 10 20:48:44 2013
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Figure 5.22: Operation of multiple PV systems with 5 times higher control
gains - dynamic performance of the PCC Vj controller in PV3: Ch3: rms volt-
age of the PCC (V) [5 V/div], Ch4: reactive power injected to the grid (Qg)
[1 kVAr/div], Time base [2 s/div]

interactions as well as poor reactive power sharing between PV, and PVj in the
experimental setup. The PV system at the node where the voltage sensitivity
is high, that is PVj3, tends to control the grid voltage by absorbing reactive

power while PV5 hardly absorbs any reactive power in steady-state. Therefore, a

droop controller is added to the PCC V(, controller of each PV system in order to
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improve the dynamic behaviour of the PV systems when operated simultaneously

and the load sharing between PV systems.

Agilent Technologies TUE DEC 10 22:22:18 2013
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Figure 5.23: Operation of multiple PV systems with droop control - dynamic
performance of the PCC Vg controller in PV,: Chl: rms voltage of the PCC (V)

[5 V/div], Ch2: reactive power injected to the grid (Q,) [1 kVAr/div], Time base
[2 s/div]

5. Agilent Technologies TUE DEC 10 22:06:23 2013
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Figure 5.24: Operation of multiple PV systems with droop control - dynamic
performance of the PCC Vj, controller in PV3: Ch3: rms voltage of the PCC (14)
[5 V/div], Ch4: reactive power injected to the grid (Q,) [1 kVAr/div], Time base

[2 s/div]
The results of an experiment performed with droop controllers built into PCC
Vo controllers of PV, and PV3 and operating PV systems simultaneously are

shown in Fig. 5.23 and Fig. 5.24. It can be observed that the reactive power
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sharing between PV systems has been improved. Further, the steady-states of
the PCC Vj controllers have been reached within about 2 s. The experimental
results confirm that a droop controller built into the PCC Vj; controller of a PV
system is able to improve reactive power sharing between multiple PV systems
and minimise the effect of control interactions.

Further experimental studies were carried out by considering different oper-
ating conditions of PV systems and also by integrating commercially available
small-scale DSTATCOMs to the experimental setup. The results of such exper-
imental studies are discussed in Appendix E of this Thesis. These experimental
results do not indicate any dynamic interaction between converter systems that

may impact the stable operation.

5.7 Chapter summary

In this chapter, the control interactions between multiple PV systems were iden-
tified by simulation studies performed. The PV systems considered in this re-
search are interfaced to the grid via current-controlled voltage source converters.
A small-signal model of a power distribution feeder to which multiple PV systems
are integrated was developed while considering practical techniques used to es-
tablish the control system of a grid-connected PV system described in Chapter 3
and Chapter 4. Modal analysis was performed by using the developed small-
signal model to verify the simulation results. The small-signal model developed
in the current research was used to analyse the dynamic stability and system level
behaviour of multiple PV systems that control the grid voltage dynamically. The
accuracy of the small-signal model developed and simulation results presented in
this chapter was verified using experimental results. Based on the simulation and
experimental results presented and mathematical derivations in this chapter, the

following conclusions can be drawn.

e The results of time-domain simulation studies of an LV power grid to which

128



multiple solar PV systems are integrated presented in this chapter, confirm
that control interaction between multiple PV systems can exist when those
systems regulate the respective PCC voltage dynamically by absorbing re-

active power from the grid.

e The small-signal model of a multiple PV installation developed in this chap-
ter is accurate and can be used to analyse the control interaction between
multiple PV systems and to investigate the level of sensitivity of different

parameters.

e The control interactions between multiple PV systems that is identified
in this research does not cause any dynamic instability in the grid since
all modes are critically damped, as demonstrated by the modal analysis

performed.

e The effects of control interaction identified in the current research can be
minimised by adding a droop controller to the dynamic PCC voltage con-
troller of a PV system. Further, such a droop controller improves reactive

power sharing between multiple PV systems.

The research outcomes presented in this chapter confirm that dynamic insta-
bility of the grid as result of control interaction between grid-connected multiple
PV systems that control the PCC voltage with dynamic reactive power controllers
is unlikely to occur. Therefore, multiple PV systems that dynamically control the
PCC voltage can be deployed to control the voltage of a power distribution feeder

without concerns.
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Chapter 6

Simplified simulation model of a

PV system

6.1 Introduction

In Chapter 3, a detailed simulation model of a grid-connected single-phase, two-
stage PV system was developed. The simulation model consists of models of
physical components and control systems of a comparable 5 kW PV system that
may be installed in an LV electricity network. The accuracy of the developed
simulation model has been verified with experimental results obtained from a
laboratory setup of a PV system as described in Appendix D.

The detailed simulation model is a useful tool for analysing and understanding
the dynamic performance of a single PV system or, for a few PV systems con-
nected to an LV power grid. However, when analysing the dynamic performance
of multiple PV systems connected to an LV power grid, extensive computational
capacity is required. The actual time required to simulate a complex scenario
with multiple instances of the detailed simulation model of a PV system is much
larger. Hence there is a need for a simplified model of a PV system.

A simplified version of the simulation model developed in Chapter 3 is derived
in this Chapter. In the process of deriving the simplified model, attention has

been given so that the validity and accuracy of the dynamic performance aspects
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are not compromised. The strategy that was adopted to simplify the detailed
simulation model of the PV system is described and the dynamic performance of

the detailed and simplified simulation models are compared.

6.2 Simplified model of a PV system

The PV system in the detailed simulation model developed in Chapter 3 was
interfaced to the grid via a current-controlled VSC. Such a converter system can
be modelled using a controlled current source. Therefore, in the simplified model,
the PV system can be represented by a controlled current source.

There are several layers of control in a grid-connected PV system as described
in Chapters 3 and 4. The control systems of the inner layers respond faster
than the control systems of the outer layers to ensure the dynamic stability of
the total control system and the overall dynamic performance of a PV system
is determined by the dynamic performance of the outer control loops. Hence, if
the characteristics of control systems in the outer layers are of primary interest
with regard to the overall dynamic behaviour of the PV system, the inner control
systems can be disregarded in the simplified model.

A simplified model of a PV system as suitable for analysing the dynamic per-
formance of multiple PV systems connected to an LV power grid is developed. The
intended use of this model is to identify possible dynamic interactions between
multiple PV systems when each PV system is dynamically regulating its PCC
voltage with the PCC voltage controllers developed in Chapter 4. As described
in Chapter 4, the dynamic PCC voltage controllers, i.e. the PCC V{ controller
and PCC Vp controller, are at the most outer layers of the control for a PV sys-
tem and determine the overall dynamic performance of the PV system. Hence,
in the simplified model of a PV system, the dynamic behaviour of PCC voltage
controllers are accurately presented while disregarding the dynamic behaviour of
control systems in the inner layers such as the current controller, the DC-link

voltage controller and the controller of the DC-DC boost converter.
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An illustration of the simplified model of a PV system is shown in Fig. 6.1.
The PLL structure used in the simplified model of the PV system is similar to
that of the detailed model of a PV system developed in Chapter 3. The measured
PCC voltage, vg, is an input to the PLL. The peak value of vy, Vgm, and the phase
angle of vy, wt, are the outputs of the PLL. The rms value of v, is V.

In order to calculate the active and reactive power injected to the grid, P,
and () respectively, the current injected to the grid by the PV system, i, is
measured. The signal processing block denoted by ¢( ) in Fig. 6.1 represents
the mathematical calculations performed to determine P, and (),. In the signal
processing block ¢( ), the measured current i, is passed through a band-pass
filter, a scaled integrator and a Park transformation (af to dg transformation)
block similar to that which is done to the measured voltage at the PCC, v, in
the PLL. The output of the Park transformation block in g( ) is the peak value
of the active current component of 44, Ismp,, and the peak value of the reactive
current component of iy, Iymg. In g( ), P, and @4 are determined by using Vi,

Iymp and Iy as given in (6.1) and (6.2) respectively.

1
Py = 5ng[gmp (6.1)
1
Qg = _5‘/3;mlgmq (6‘2>

In the simplified model of a PV system, other than the PLL, only dynamic
PCC voltage controllers, i.e. the PCC Vg controller and PCC Vp controller
developed in Chapter 4, are implemented. In the PCC V controller in Fig. 6.1,
Vemret 15 the reference voltage. The controller enable signal, Eng, represents
conditions under which the dynamic voltage regulation is enabled, for an example,
a defined PCC voltage above which the controller is responsive. The limiter is
used to limit the reactive power injection to the available capacity of the VSC that
interfaces the PV system to the grid or to limit the allowed maximum reactive

power injection to the grid at a given time. S, is the apparent power capacity of
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the VSC.

The enable signal, En,, represents conditions under which the PCC Vp con-
troller is enabled. For an example, E'n, can be a signal that indicates the satura-
tion of the PCC Vg controller. In the detailed simulation model of a PV system
developed in Chapter 3, the level of solar irradiance primarily determines the
active power injection unless power is required to be curtailed. However, in the
simplified model, the available active power from the solar array, P, should be
provided to the model. AP, is the amount of active power curtailed to main-
tain the PCC voltage at the reference voltage, Vymres. In situations in which the
PCC Vp controller is inactive, AP, is zero. The limiter in the control loop limits
the active power injection of the PV system to the rated apparent power capacity,
Sy, of the VSC that interfaces the PV system to the grid.

In Fig. 6.1, P and Q¢ are the active and reactive power references respec-
tively. Tgmpref and Igmqrer are peak values of active and reactive current references
respectively. The block f( ) represents an equation to calculate the grid current
reference, igef, as given by (6.3). Since the dynamics of the current controller of
a PV system are not included in the simplified model of a PV system, ig.s and

the output of the controlled current source, i, are similar.

Ggret = \/ [mepref +1 meqref cos(wt + arctan(Lgmqref/ Lgmprer)) (6.3)

6.3 Evaluation of the dynamic performance

The dynamic performance of the simplified model of a PV system developed in
this chapter is evaluated and compared with results obtained from simulation
studies using the detailed model. The simulation studies performed have con-
firmed that a simulation scenario that is modelled with the simplified model can

be completed in only approximately 6% of the time' that is needed to simulate

IThis is when simulations are performed utilising PSCAD X4, version 4.4.0.0 intalled on a
PC with Microsoft Windows XP Professional, version 2002, service pack 3, Intel i7 CPU and
4GB RAM.
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a comparable simulation scenario utlising the detailed model of a PV system.
In this section, the dynamic performance of the detailed model of a PV system
integrated with dynamic PCC voltage controllers developed in Chapter 4 and the
dynamic performance of the simplified model of a PV system developed in this
chapter are compared. In most of the graphs presented in this section, there are
three traces: a variation of a measured parameter in the detailed model of a PV
system during a simulation case, the variation of the same parameter in the sim-
plified model of a PV system during a similar simulation case and the difference

between the two variations.
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Figure 6.2: Dynamic response of the detailed and simplified model of a PV system

during step changes in active power reference and reactive power reference

The dynamic behaviour of the detailed model of a PV system and the sim-

plified model of a PV system during step changes of active and reactive power
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reference are shown in Fig. 6.2. In these simulation cases, a single, grid-connected
PV system was considered and the dynamic PCC voltage controllers were inactive
in both PV system models. Fig. 6.2 illustrates that the steady-state operation
of the detailed model and the simplified model of a PV system is almost identi-
cal. However, there are slight differences exhibited during transient conditions.
The reason for these slight differences is as follows. In the simulation case de-
veloped by using the simplified model of a PV system, the dynamics of the PLL
determines the dynamic behaviour of the system. In the detailed model of a PV
system, the transient behaviour was determined by the DC-link voltage controller
as well as the PLL in this simulation case. Therefore, the transient behaviour of
the detailed model and the simplified model of a PV system was slightly different
during step changes of the active and the reactive power references.

The response of detailed and simplified models of a PV system during a slow
variation of solar irradiance level is shown in Fig. 6.3 when the dynamic PCC volt-
age controllers were inactive. In these simulation cases, both simulation models
were configured to operate at 0.95 lagging power factor when active power injec-
tion is greater than 20% of the rated capacity of the PV system. The variation
of the level of solar irradiance considered in this simulation case is proportional
to active power variation illustrated in Fig. 6.3(c). Simulation results shown in
Fig. 6.3 confirm that the dynamic behaviour of the detailed model of a PV system
and the simplified model of a PV system are nearly identical during slow varia-
tions of solar irradiance levels since the differences in i, V5, P, and ()4 of the two
models are nearly zero. The difference between 7, obtained using the two models
is larger as seen in Fig. 6.3(a). This is because of the presence of switching ripple
current in the detailed model of a PV system. In the simplified model of a PV
system, the switching ripple current is not modelled.

The dynamic response of detailed and simplified models of a PV system were
compared with simulation results obtained when dynamic PCC voltage controllers

were active. In these simulation cases, a grid-connected PV system was consid-
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Figure 6.3: Dynamic response of the detailed and simplified model of a PV system
during ramp variation in solar irradiance level

ered. The grid impedance at the PCC of the PV system was (0.28 + j0.27) €.
In the dynamic PCC voltage controllers of the detailed model of a PV system
and the simplified model of a PV system, scaled integrators were used as com-
pensators. The gain of each compensator was adjusted so that the steady-state
is reached within 1 s.

The response of the PCC V( controller in both the detailed and simplified
models of a PV system when the PCC Vp controllers were inactive is shown in
Fig. 6.4. In the simulation studies, the PCC Vg controllers of both simulation
models were inactive at the beginning and were subsequently enabled at 1 s.
The values of reference voltages of PCC Vj controllers were 245v/2 V. As shown

in Fig. 6.4, the steady-state of PCC Vj controllers in both simulation models
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Figure 6.4: Dynamic performance of the PCC Vg controller in the simplified
model of a PV system and the detailed model of a PV system
has been reached within 1 s. Further, simulation results shown in Fig. 6.4 con-
firms that PCC Vj controllers in both simulation models have similar dynamic
behaviours.

The response of PCC Vp controllers of both the detailed and simplified models
of a PV system when PCC Vj controllers were inactive is shown in Fig. 6.5.
Though the steady-state of PCC Vp controllers has been reached within 1 s, the
transient behaviour of PCC Vp controllers in both models are slightly different
as can be observed in Fig. 6.5.

The difference in the transient behaviour of PCC Vp controllers in detailed
and simplified models of a PV system shown in Fig. 6.5 can be explained as

follows. In the detailed model of a PV system, when active power is curtailed
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Figure 6.5: Dynamic response of the PCC Vp controller in the simplified model
of a PV system and the detailed model of a PV system

to regulate the PCC voltage of the PV system by the PCC Vp controller, the
reference voltage of the voltage across the PV array, Vpy.er is changed. As designed
in Chapter 3, the controller of the DC-DC boost converter regulates the output
voltage of the PV array at Vouer. In a PV array, V' — P characteristics at the
knee-point (around the MPP) are non-linear. In the detailed model of a PV
system, when the PV system is operating at the MPP and power curtailing is
commenced as a result of the activation of the PCC Vp controller, the non-
linearity of V' — P characteristics around the MPP of the PV array affects the
dynamic characteristics of the PCC Vp controller as discussed in Section 4.5.3 of
Chapter 4. In the simplified model of a PV system developed in this chapter,
the power output of the PV array is modelled as a constant power source (refer
to P, in Fig. 6.1) for a given operating condition and the non-linearity around
the MPP of the PV array is not modelled. Therefore, the transient behaviour of

the PCC Vp controller in the detailed model of a PV system and the simplified
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model of a PV system is marginally different.
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Figure 6.6: Two PV systems connected to an LV power grid

Simulation studies were performed using detailed and simplified models of a
PV system to determine the suitability of using the simplified model of a PV
system developed in this chapter to model an LV power grid integrated with mul-
tiple PV systems and for identifying dynamic interactions between PV systems.
In these simulation studies, the network model shown in Fig. 6.6 was consid-
ered. In the network model shown in Fig. 6.6, (Ry + jX,) is (0.25 4 j0.25) Q
and (R + jX) is (0.03 + 50.02) 2. The PCC Vj controllers of two PV systems
shown in Fig. 6.6 were active and PCC Vp controllers were inactive. The gains
of PCC Vg controllers of two PV systems were identical.

Results obtained from two simulation cases by modelling the network shown
in Fig. 6.6 by using detailed and simplified models of a PV system are shown in
Fig. 6.7 and Fig. 6.8. The PCC Vj controllers of PV, and PV, were configured to
reach the steady-state within 1 s if those PV systems were operated individually
and when those were connected to the grid as shown in Fig. 6.6. As per the sim-
ulation results presented in Fig. 6.7 and Fig. 6.8, the dynamic behaviours of both
detailed and simplified models of a PV system are identical in these simulation
cases. The simulation results shown in Fig. 6.7 and Fig. 6.8 are of initial 10 s
of the simulation study. At that time PCC V controllers had not reached the
steady-state. The steady-state of PCC Vi controllers of PV; and PV, reached
within about 30 s. The time taken to reach the steady-state of PCC V{, controllers
when these PV systems were operated simultaneously is longer than the time to
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Figure 6.7: Dynamic behaviour of PV, in Fig. 6.6
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Figure 6.8: Dynamic behaviour of PV, in Fig. 6.6

reach the steady-state of PCC Vj controllers if PV systems were operated indi-

vidually. The time difference in reaching the steady-state of PCC Vg controllers
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when PV systems were operated individually and simultaneously arises because
of dynamic interaction between PV systems that was identified in Chapter 5.
The results obtained from simulation cases modelled with detailed and simplified
models of a PV system are identical, as shown in Fig. 6.7 and Fig. 6.8, and the
type of dynamic interaction identified in Chapter 5 is present in the network of
Fig. 6.6 modelled with the simplified model of a PV system. Therefore, these
simulation results confirm that the simplified model of a PV system developed in
this chapter is accurate enough to model PV systems in a multiple PV installation

to identify dynamic interaction between PV systems.

6.4 Chapter Summary

A simplified model of a PV system that controls the PCC voltage with dynamic
PCC voltage controllers was developed in this chapter. The simplified model has
been developed based on the terminal characteristics of a PV system obtained
from the detailed model of a PV system developed in Chapter 3 and Chapter 4 and
considered as suitable for analysing dynamic interactions taking place between
multiple PV systems identified in Chapter 5. Since the dynamic PCC voltage
controllers, namely the PCC Vj controller and PCC Vp controller determine the
dynamic behaviour of a PV system that controls the PCC voltage dynamically,
the dynamic PCC voltage controllers are accurately modelled in the simplified
model of a PV system.

The accuracy of the simplified model of a PV system developed in this chapter
was evaluated by comparing simulation results obtained from comparable simula-
tion cases modelled by using the simplified model of a PV system and the detailed
model of a PV system developed in Chapter 3 and Chapter 4. According to the
simulation results, the dynamic behaviour of the simplified model of a PV system
is marginally inaccurate during step changes in the active and reactive power
references of the PV system. However, the dynamic response of the simplified

model of a PV system during slow variations of solar irradiance is close to that
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predicted by the detailed model. Further, though the dynamic characteristics of
the PCC Vg controller has been modelled accurately in the simplified model of
a PV system, the transient behaviour of the PCC Vp controller in the simplified
model of a PV system is slightly different to that of the detailed model of a PV
system. The inaccuracy in the transient characteristics of the PCC V{, controller
in the simplified model of a PV system arises because of the absence of non-linear
characteristics of a PV array in that model.

The dynamic behaviour of inner control loops, the total control system of a
PV system and MPPT algorithm are disregarded while developing the simplified
model. Therefore, the simplified model of a PV system developed in this chapter
may not be an accurate representation of an actual PV system for certain simu-
lation studies. Hence the appropriateness of using the simplified model of a PV
system in simulation studies should be evaluated before using this model.

The simulation results presented in this chapter confirm that the developed
simplified model of a PV system is a sufficiently accurate model of a grid-connected
PV system that controls the PCC voltage with dynamic PCC voltage controllers.
Further, simulation studies have confirmed that a simulation case modelled with
the simplified model of a PV system can be performed 15 times faster than a
comparable simulation case that is modelled with the detailed model of a PV
system. In this chapter, the operation of only one or two grid-connected PV
systems were considered to demonstrate the accuracy of the developed simplified
model of a PV system. The accuracy of the simplified model of a PV system
to represent PV systems in an installation of more than two PV systems will
be confirmed in Chapter 7 of this Thesis. Therefore, in order to model an LV
power grid integrated with multiple PV systems to identify dynamic interaction
between PV systems that control respective PCC voltage with dynamic PCC
voltage controllers and to obtain simulation results within a short period of time,

the simplified model of a PV system can be used.
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Chapter 7

Power sharing between multiple
solar PV systems in a radial

distribution feeder

7.1 Introduction

In a grid to which multiple solar PV systems are integrated, network voltage
rise has been identified in Chapter 2 as a critical technical matter that should be
addressed. In such a grid, voltage may rise to considerably higher levels, especially
during the day time when power generation from PV systems is at the highest
level and load on the grid is at a minimum. The standards applicable to grid-
integrated PV systems impose a maximum voltage level below which PV systems
may stay connected to the grid. The Australian standard that is applicable to
grid-integrated PV systems is AS4777.2 [7]. As per [7], the highest grid voltage
that PV systems may stay connected is 230 V + 10% (herein after referred to as
Umax). If the PCC voltage of a PV system exceeds Up.x, after a defined time
period the PV system should disconnect from the grid that leads to a loss of
potential revenue to the owner of the PV system and loss of generation.

The voltage at the PCC of a PV system is a function of both the grid

impedance and real and reactive power injected. Therefore, in certain operat-
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ing situations, the voltage at the PCC of a PV system where voltage sensitivity
is high may exceed U,,.x while the PCC voltages of other PV systems connected
to the grid are below Up.,. In such a situation the PV system that is connected
to the grid at a node where voltage sensitivity is high may disconnect in order
to comply within the Australian standard AS477.2 [7] while other PV systems
will continue to operate. This scenario highlights that in certain operating sit-
uations, owners of PV systems whose PV systems are integrated to the grid at
nodes where voltage sensitivity is high are disadvantaged over the other PV sys-
tem owners whose PV systems are connected to the grid at nodes where voltage
sensitivity is less. Therefore, in this chapter a power sharing methodology is de-
veloped for PV systems that are integrated to a radial distribution feeder. The
developed methodology will minimise the disadvantages associated with the volt-
age sensitivity at the PCC of a PV system that an owner of a grid-integrated PV
system may experience.

In the power sharing method proposed in this chapter, a voltage bandwidth
is determined for each PV system connected to a radial distribution feeder. Since
the voltage bandwidth of a PV system is determined based on the voltage sensitiv-
ity at the PCC of the PV system, power sharing between PV systems connected
to the radial distribution feeder is achieved. In the proposed method, closed-loop
PCC voltage controllers developed in Chapter 4 are used to ensure that the PCC
voltage of each PV system is maintained within the allocated bandwidth while
sharing active power. Further, the use of closed-loop PCC voltage controllers
in PV systems guarantee that the voltage of the radial distribution feeder at no

location exceeds Upax.

7.2 Model of a power distribution feeder

A single-phase power distribution feeder to which five PV systems are connected
is considered in order to develop the power sharing methodology. The model

of the distribution feeder is shown in Fig. 7.1. The power grid is modelled as
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Figure 7.1: Model of a power distribution feeder

an equivalent Thévenin voltage source with an rms voltage V; = 240 V. The
impedances of high and medium voltage power lines and transformers are assumed
to be negligible compared to that of the distribution feeder. Hence, the equivalent
impedance of the grid is the impedance of the distribution transformer. The

impedance of the the distribution transformer is 4%! and is incorporated with

the feeder impedance.

The distribution feeder is modelled with five equally spaced line sections. Each
line section has a resistance, R, and a reactance, X. The PV systems are assumed
as directly connected to the distribution feeder without a service wire since the
impedance of a service wire is generally small. The reference impedance for low
voltage public supply systems that is given in [62] for electrical apparatus testing
purposes is considered as the grid impedance seen by the PV system PVj5 located
at the end of the distribution feeder. Hence the grid impedance seen by PVjy is
(0.4 + 50.25) Q.

The distribution feeder is connected with five PV systems that are equally
spaced along the feeder. Since the PV systems are equally spaced and the
impedance of the distribution transformer is considered equally distributed along
the feeder, R = 0.08 Q and X = 750.05 Q. PV systems PV; — PVj5 are con-
nected at nodes N; — N5 respectively. Nodes N; — N5 are the points of common
coupling (PCC) of the PV systems. The rated capacity of each PV array is 5 kW.

The PV systems are integrated to the grid via VSCs. The rated capacity of each

! This is equivalent to the impedance of a typical 300 kVA low voltage power distribution
transformer.
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VSC is 5.4 kVA. Controllers that are able to regulate the PCC voltage of each
PV system by dynamically controlling the active and reactive power response of
the PV system developed in Chapter 4 are implemented in the control system of
each PV system. All PV systems have similar operating and control capabilities.
The power sharing methodology proposed in this chapter is enabled when power
generation from PV systems is high and the local load on the distribution feeder
is comparatively low. Therefore, a zero load condition is assumed in the grid

while developing the power sharing methodology.

7.3 Steady-state voltage rise with PV

A PV system that is connected to the distribution feeder model in Fig. 7.1 is illus-
trated in Fig. 7.2. In the simplified model shown in Fig. 7.2, the grid impedance
seen by the PV system at the PCC is Zt, where Z1 = Rt + jXt. The values
of active power and reactive power injected to the grid by the PV system are P,
and ), respectively and the resulting rms voltage and current at the PCC are V

and I, respectively.

PCC
R x| oon
A — ﬁ SN
1
Grid P..Q.I,
V,=240V V,

Figure 7.2: A simplified model of the network model with a single PV system

A simplified expression for the steady-state voltage rise at the PCC if the PV
system is injecting P, and @)y to the grid respectively can be derived as given in

(7.1).

_ PRy + QuXn
Ve

Ve Ve (1)
In (7.1), (Vy — Vi) is the steady-state voltage rise. As per (7.1), the voltage at
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the PCC is increased if active power is injected to the grid by the PV system and

if reactive power is absorbed by the PV system, the PCC voltage can be reduced.

7.4 Determining a reference PCC voltage for each PV

system to share active power

The reference PCC voltage of each PV system determines the setting above which
the dynamic PCC voltage controllers are activated. The reference PCC voltage
for each PV system is derived initially in such a way that if power curtailing
is required to keep the network voltage within limits. Once power curtailing is
done to bring the network voltage within limits, each PV system injects an equal
amount of power to the grid irrespective of the point of connection of each PV
system. In this section, the methodology that is used to determine the reference
PCC voltage of each PV system is described in detail with reference to the model
of a power distribution feeder shown in Fig. 7.1. In this section, PV systems are
assumed to have no reactive power injection or absorption capabilities.

In the power distribution model shown in Fig. 7.1, the voltage rise at each
node with respect to the immediately following node (towards the grid) can be
found by using (7.1) at steady-state. Equation (7.1) is written as in (7.2) with
different notations in order to mathematically represent the steady-state voltage
rise in each node of the network model shown in Fig. 7.1. In (7.2), V,, is the
voltage at the node N,, (n =1,2,..,5) that is of interest to determine the steady-
state voltage rise, V,,_; is the voltage at the node N,,_1, P, and @),, are the total
active and reactive power that flows to the grid through the node N, respectively,

and R and X are the resistance and the reactance of the line section N,, — N,,_1.

(7.2)

In order to find the steady-state voltage rise at node N,, (n = 1,2,..,5) with

respect to node N,,_; by using (7.2) the voltage at node N,_; and the power

149



that flows through node N,, should be known. Since the voltage at a node is a
function of the active and reactive power injected by the PV system connected
at that particular node as well as by other PV systems connected to the feeder,
the voltage at each node can be found only by an iterative process. The iterative
method that is used to determine the reference PCC voltage of each PV system
is described here.

The active power injected by each PV system is assumed to be equal in each
iteration. The network losses are disregarded. Since network losses are disre-
garded and a no-load condition is assumed, the active power that flows through a
node is the summation of the active power injected by the PV system connected
to the particular node and active power injected by all other PV systems that
are connected to the distribution feeder downstream of the node of interest. If
the active power injected by each PV system is P, then the active power flows
to the grid at node N,, is (6 — n)P since the total number of PV systems in the
network model in Fig. 7.1 is five.

The voltage at the node N,, when the active power flowing through the node
to the grid is P and the reactive power flowing through the node is zero, can be
found by solving (7.2) for V,,. The resulting equation is given in (7.3) that is used
to iteratively determine the reference PCC voltage of each PV system to ensure

equal share of active power.

Vi1 +/VZ, +4(6— n)PR

Vi = 5

(n=1,2,..,5) (7.3)

The active power injected by each PV system is set at the beginning of an
iteration. Since the voltage at the node Ny is 240 V, voltages at following nodes
can be found by (7.3) when the power injected by each PV system is known.
Since the voltage sensitivity of the node Nj in the network model is higher than
all other nodes, the voltage at N5 reaches the maximum voltage limit, Uy, first.
Therefore, after finding voltages at all the nodes in an iteration, the voltage at

node Nj, Vs, is compared with Uy, If V5 < Unax then node voltages calculated
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in the current iteration are stored, the active power injected by each PV system
that is set at the beginning of the current iteration is incremented and the next
iteration is commenced. If V5 > U,,., the node voltages calculated at the previous
iteration are considered as the reference PCC voltage of the respective PV system.

The reference PCC voltages that are calculated by the described iterative
process for the network model shown in Fig. 7.1 are given in Table 7.1. According
to the results obtained using the iterative method, each PV system should inject
2.69 kW of active power to the grid if the respective PCC voltage is regulated by

curtailing active power at the reference PCC voltage given in Table 7.1.

Table 7.1: Reference PCC voltages for PV systems to share active power equally

PV system (PV,) | Reference PCC voltage (V)
PV, 944.4
PV, 247.8
PV, 250.4
PV, 252.1
PV; 253.0

7.5 Simulation results - Part A

The network model shown in Fig. 7.1 was simulated in the PSCAD/EMTDC
simulation program. FEach PV system was modelled by using the simulation
model of a grid-connected PV system developed in Chapter 3. Furthermore,
the dynamic PCC voltage controller that is able to regulate the PCC voltage of
a PV system by controlling active power response of the PV system developed
in Chapter 4 was integrated within the simulation models of PV systems. The
reference voltage of the PCC voltage controller in each respective PV system was
set using the voltages references given in Table 7.1. The solar irradiance level
at each PV system was 1200 W/m? and the surface temperature of all the PV
arrays were considered constant at 30 °C.

At the beginning of the simulation, all PV systems were operating at the
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maximum power point and the PCC voltage controllers were inactive. At time
t = 1s, PCC voltage controllers were activated in all PV systems. The simulation
was run for 20 s. The voltage variations at all five nodes that are connected with
PV systems and the active power variation at each PV system are illustrated in
Fig. 7.3. As shown in Fig. 7.3(a), once the controllers were activated, the PCC
voltage at each PV system is regulated at the respective reference PCC voltage.
The voltage profile of the network is shown in Fig. 7.4 before and after the PCC
voltage controllers were activated.

Voltage variation at nodes
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Figure 7.3: Simulation results - Part A - PCC voltage and active power variation
of PV systems

The amount of active power injected by each PV system before controllers
were activated and after power was curtailed to regulate the respective PCC
voltage is shown in Fig. 7.5. Initially, each PV system was injecting about 4.85 kW
of active power to the grid. Once active power was curtailed to regulate the PCC
voltage and controllers reached steady-state, each of the PV systems was injecting
about 2.69 kW of active power to the grid. This is the expected amount of active
power injection by each PV system if the respective PCC voltage is regulated

at the reference voltage given in Table 7.1. As per Fig. 7.5, there are slight
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Figure 7.4: Simulation results - Part A - Voltage profile of the network

deviations in the amount of active power injected to the grid by each PV system
from the value 2.69 kW after active power was curtailed. These deviations are
due to the use of (7.2) that is a simplified equation, to find the reference PCC

voltage of each PV system.
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Figure 7.5: Simulation results - Part A - Active power injected by each PV system
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7.6 Active power sharing between PV systems together

with reactive power

PV systems can be built with reactive power capabilities as discussed in Chap-
ter 2. In such a PV system, the PCC voltage can be dynamically regulated by
controlling the reactive power response of the PV system and active power cur-
tailment. The control system of a PV system can be configured to regulate the
PCC voltage with reactive power initially if PCC voltage regulation is activated.
Then, if the amount of reactive power absorbed by the PV system has reached a

set limit?, active power curtailment can be enabled.

Vo1 + V2, +4(6 —n)(PR+ QX)

Vi = 5

(n=1,2,..,5) (7.4)

The iterative method that was described in Section 7.4 can be modified to
include the reactive power capabilities of PV systems to determine the reference
PCC voltages for PV systems. The modified version of (7.3) in which reactive
power capabilities of PV systems are incorporated is given in (7.4) where @) is the
reactive power injected by each PV system. Since reactive power capabilities of
all the PV systems shown in Fig. 7.1 are assumed to be similar, the reference PCC
voltages calculated by using (7.4) are the same as those given in Table 7.1. If each
PV system is limited to 0.9 lagging power factor operation and power curtailing
is necessary to regulate the PCC voltage of each PV system at the respective
reference voltage given in Table 7.1, the maximum active power injected by each
PV system should be 3.86 kW and that is larger than what was obtained in

Section 7.4 of this chapter.

2This limit can be derived either based on the rated capacity of the power electronic converter
system that interface the PV system to the grid or based on the desired power factor.
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7.7 Simulation results - Part B

The dynamic PCC voltage controller that regulate the PCC voltage by control-
ling the reactive power response of a PV system and developed in Chapter 4
is integrated with each PV system in the simulation model used in Section 7.5.
The control system of each PV system is configured to utilise the reactive power
capabilities of each PV system initially if PCC voltage regulation is necessary.
The minimum lagging power factor of each PV system is set as 0.9. Once a PV
system reaches the maximum reactive power limit, the respective controller is sat-
urated and active power curtailing is enabled to regulate the PCC voltage. The
minimum lagging power factor of a PV system is still maintained when power is
curtailed to regulate the PCC voltage.

In order to demonstrate the robustness of the power sharing methodology
presented in this chapter, a dynamically varying solar irradiance level was applied
to the simulation model. The considered variation of solar irradiance at each PV
system is illustrated in Fig. 7.6 and respective dynamic variations of PCC voltage,
active and reactive power are shown in Fig. 7.7. The latter figure illustrates that
PCC voltage regulation in each PV system is initially achieved by absorbing
reactive power from the grid. Once the reactive power limit of each PV system

is reached, active power has been curtailed to regulate the PCC voltage.
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Figure 7.6: Variation of solar irradiance

The dynamic performance of the simplified model of a PV system developed
in Chapter 6 of this Thesis was validated in Section 6.3 using simulation case

studies that consisted of only one or two grid-connected PV systems. In order to
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Figure 7.7: Simulation results - Part B - PCC voltage and active and reactive
power variation of PV systems

156



Voltage variation at nodes

Vs Vi

- PAVARAL ]
E/

% L -
3 N , ]

r»
1 1 ‘/2 ‘/]‘ 1 1
10 15 20 25 30

(a)
Variation of reactive power absorbed by each PV system

1 T T T T T
&
\z/ 0 QPVZ
2
g QPVI
g ol
Q
~ -3 QPV5 i QPV3 i i i i

5 10 15 20 25 30
(b)
Variation of active power injected to the grid by each PV system

0 T T T T T
= 1L . |
\E/ P PV P PV3
w —2 i
2 Ppy,
2 -3
2
=z -4t
;:S &Vz

_57 Il Il PPVl Il Il Il

5 10 15 20 25 30
(c)
Time (s)

Figure 7.8: Simulation results - Part B - PCC voltage and active and reactive
power variation of PV systems modelled by using the simplified model of a PV
system
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validate the dynamic performance of the simplified model of a PV system when
used to model an LV feeder to which more than two PV systems are integrated,
the simulation case study used to obtain results shown in Fig. 7.7 was redevel-
oped integrating simplified model of a PV system to represent PV systems in
the case study. Simulation results obtained by applying the variation of solar
irradiance shown in Fig. 7.6 to the redeveloped simulation case study are shown
in Fig. 7.8. Simulation results shown in Fig. 7.7 and Fig. 7.8 match very closely.
This comparison of results confirms further that simplified model of a PV system
developed in Chapter 6 of this Thesis is accurate and that can be used to model

PV systems in a multiple PV installation.
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Figure 7.9: Simulation results - Part B - Voltage profile of the network

The following discussion applies to both case studies of which results are
presented in Fig. 7.7 and Fig. 7.8. As per Fig. 7.9 that demonstrates the steady-
state voltage profile of the network after solar irradiance has been stabilised, the
respective PCC voltage has been regulated at the respective reference voltage.
The steady-state active and reactive power injection by each PV system after
solar irradiance was stabilised is illustrated in Fig. 7.10 and Fig. 7.11 respectively.
As shown in Fig. 7.10, each PV system was injecting about 3.86 kW of active

power to the grid after active power was curtailed. The reactive power absorbed
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by each PV system has been limited to 0.9 lagging power factor operation of the

PV system as illustrated in Fig. 7.11. Simulation results presented in this section

demonstrate that by operating each PV system of the network at the respective

reference PCC voltage given in Table 7.1, active power sharing can be achieved

in the network shown in Fig. 7.1.
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7.8 Experimental results

The power sharing methodology proposed for PV systems connected to a ra-
dial power distribution feeder in this chapter was experimentally validated. The
experimental setup that was used to obtain experimental results presented in
Chapter 5 of this Thesis was used to validate the power sharing methodology

developed in this chapter.

Grid

Figure 7.12: Schematic diagram of the experimental setup

A schematic diagram of the experimental setup used is shown in Fig. 7.12.
In the experimental setup, (Ro1 + jXo1) = (0.25 4+ j0.25) Q and (Ri2 + jX12) =
(0.12 + j0.08) € with reference to Fig. 7.12 and the grid voltage was set as
251 V. The reference voltages of PCC voltage controllers of PV; and PV, were
set as 252.2¢/2 V and 253v/2 V respectively and those values were determined
by applying the iterative method described in Section 7.4 of this chapter to the
network model of the experimental setup shown in Fig. 7.12. A Hioki 3196 power
quality analyser was used to record active and reactive power injected by PV
systems and PCC voltages of PV systems.

The experimental results obtained when PCC voltage control was done only by
curtailing active power is shown in Fig. 7.13. In this experiment, reactive power
controllers of PV systems were inactive. The step changes that can be seen in
Fig. 7.13 are due to 400 W/m? to 1000 W/m? step changes of solar irradiance
levels simulated in the experimental setup.

Fig. 7.13 illustrates that when solar irradiance level was 400 W/m? both PV
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Figure 7.13: Power sharing when only reactive power controllers were active

systems were injecting nearly 1 kW of active power to the grid and PCC voltages
of PV systems were below 253 V. When the solar irradiance level was increased
to 1000 W/m? each PV system was supposed to inject approximately 2.7 kW
of active power to the grid if PV systems were operated at the maximum power
points (MPP). But when solar irradiance level was increased to 1000 W/m?, PV,
was injecting about 1.5 kW and PV, was injecting about 1.3 kW of active power to
the grid. This is because of power curtailing applied to regulate the PCC voltage
of each PV system at set reference voltages. According to the configuration of
the control system of PV,, the PCC voltage of that PV system should have been
regulated at 253 V if power is curtailed to regulate the PCC voltage of PVj.
However, the PCC voltage of PV, has been regulated at 253.7 V as per the
experimental results presented in Fig. 7.13 when the solar irradiance level was
increased to 1000 W/m?. This was found as a measurement error introduced
by the Hioki 3196 power quality analyser that was used to record data. On the
whole, there is a slight error in active power shared by PV systems when power

was curtailed to regulate the PCC voltage of PV systems as shown in Fig. 7.13.
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This error is mainly due to approximations applied to derive (7.3) which is used
to determine reference PCC voltages and measurement errors of voltage sensors
that provide PCC voltage feedback to control systems of PV systems.

The accuracy of the power sharing methodology developed in this chapter was
validated when PCC voltage control of PV systems were carried out by controlling
both active and reactive power. The control systems of both PV systems were
configured to regulate the PCC voltage of PV systems with reactive power initially
if the active power injected by a PV system is greater than 1.25 kW and PCC
voltage of PV systems rises above the respective reference voltages. Then, when
a PV system reaches a power factor of 0.95, active power curtailing is enabled to

regulate the PCC voltage while maintaining a minimum power factor of 0.95.
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Figure 7.14: Power sharing when both active and reactive power controllers were
active

The experimental results obtained when PCC voltages of PV systems were
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regulated by controlling both active and reactive power are shown in Fig. 7.14.
Similar to Fig. 7.13, the step changes that can be seen in Fig. 7.14 are due to
400 W/m? to 1000 W/m? step changes in solar irradiance levels simulated in the
experimental setup.

Fig. 7.14 illustrates that when the solar irradiance level was 400 W/m? both
PV systems were injecting about 1 kW of active power and no reactive power
to the grid. When solar irradiance level was increased to 1000 W/m?, PV, was
injecting about 2 kW of active power while absorbing about 0.7 kVAr of reac-
tive power from the grid and PV, was injecting about 1.6 kW of active power
while absorbing about 0.5 kVAr of reactive power from the grid. The exper-
imental results presented in Fig. 7.14 confirm that when solar irradiance level
was increased to 1000 W/m?, active power was curtailed by each PV system to
regulate the PCC voltage since expected active power output of each PV system
was about 2.7 kW. Further, PV systems have operated at 0.95 power factor when
solar irradiance level was increased to 1000 W/m? and that confirms the regu-
lation of PCC voltage of each PV system with reactive power before curtailing
active power. As expected, active power injection by PV systems has increased in
this experiment compared to the experimental results shown in Fig. 7.13. On the
whole, the experimental results presented in Fig. 7.14 confirm that power sharing
methodology developed for PV systems that control PCC voltages by controlling
both active and reactive power, is acceptable and accurate enough despite the

fact there were slight errors introduced by PCC voltage sensors of PV systems.

7.9 Discussion

The power sharing methodologies proposed in the current research have been
successfully applied to the network shown in Fig. 7.1 in a simulation study. Ac-
cording to simulation results obtained, there are minor deviations in the amount
of active power shared between PV systems from what is expected as shown in

Fig. 7.5 and Fig. 7.10. These deviations are mainly due to the use of (7.3) or (7.4)
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that are simplified expressions, based on assumptions to determine the reference
PCC voltages for each PV system as given in Table 7.1. The stated deviations
in active power shared by each PV system can be further minimised if reference
PCC voltages are determined through a detailed load flow analysis of the network
shown in Fig. 7.1.

In the network model shown in Fig. 7.1, upstream impedances are disregarded
and the impedance of the distribution transformer is assumed as equally dis-
tributed along the distribution feeder. However, in a practical situation, there
are upstream impedances and the impedance of the distribution transformer is
a lumped impedance. Although the assumption is a significant deviation from a
real situation, it does not introduce any inaccuracy to the developed power shar-
ing methodology if it is implemented in an actual power system. This is because,
in an actual power system, the upstream or downstream power flow through the
distribution transformer causes the voltage to change in the whole distribution
feeder equally.

The reference PCC voltages given in Table 7.1 are applicable only to the net-
work shown in Fig. 7.1. If an additional PV system is integrated to the network,
reference PCC voltages should be recalculated to suit the new network. If the
developed power sharing methodology is practically implemented in a radial dis-
tribution feeder, since PV systems are being integrated to the grid continuously,
there will be a need to change in the reference PCC voltage level of each PV
system connected to the considered feeder when an additional PV system is in-
tegrated. Such a requirement can be minimised by zoning the feeder as shown
in Fig. 7.15 and allocating a voltage reference for a particular zone. In this ap-
proach, all PV systems connected to a particular zone of a feeder will have the
same PCC voltage reference.

The power sharing methodology developed in this chapter was applied to a
power distribution feeder that was divided into three zones as shown in Fig. 7.15.

In order to determine the reference PCC voltages of PV systems connected at
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Figure 7.15: Model of a power distribution feeder divided into zones

each zone, (7.5) was used where n is the number of zones instead of number of
PV systems as used in (7.4). In (7.5), R and X are the resistance and reactance
of the power distribution feeder section in a particular zone and P and @) are
the total active and reactive power flow through the feeder zone. The reference
PCC voltages for each zone in power distribution feeder shown in Fig. 7.15 was
calculated using (7.5) and the iterative process explained in Section 7.4 of this
chapter assuming voltage at node Ny was 240 V. The calculated reference PCC

voltages are given in Table 7.2.

Vo1 + V2, +4(4 —n) (PR + QX)
2

Vo = (n=1,2 and 3). (7.5)

Table 7.2: Voltage set-points for PV systems in a particular feeder zone

Feeder segment | Voltage (V)

Feeder zone 1 246.5
Feeder zone 2 250.8
Feeder zone 3 253.0

The results obtained from a simulation model of the network model shown
in Fig. 7.15 after applying reference PCC voltages in Table 7.2 to PCC voltage
controllers of PV systems are shown in Fig. 7.16, Fig. 7.17, Fig. 7.18 and Fig. 7.19.
The simulation results were obtained by simulating a variation of solar irradiance
that is similar to the variation of solar irradiance shown in Fig. 7.6.

The simulation results shown in Fig. 7.16 and Fig. 7.17 demonstrate that even
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Figure 7.16: Simulation results - Feeder zones - PCC voltage and active and
reactive power variation of PV systems
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Figure 7.18: Simulation results - Feeder zones - Reactive power absorbed by each
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though the power distribution feeder was divided into zones, the voltage along
the feeder has been maintained below 253 V at times when the voltage levels
of the feeder was likely to exceed 253 V. Fig. 7.18 and Fig. 7.19 demonstrate
that though the feeder voltage was maintained below 253 V, the accuracy of the

power sharing methodology developed in this chapter has been compromised after

167



- Maximum active power could be injected by PV systems

- Active power injected by PV systems

2 3 4
)

PV System (PV,,

Active Power (kW)
1o
o n

L5F

Figure 7.19: Simulation results - Feeder zones - Active power injected by each
PV system

applying reference PCC voltages derived based on feeder zones shown in Fig. 7.15.
On the whole, these simulation results confirm that zoning a power distribution
feeder may minimise the need for frequent adjustment of control parameters of
PV systems connected to a power distribution feeder to share active and reactive
power but such an action may result in compromised performance in sharing
power within a zone.

In developing the power sharing methodology using the network model shown
in Fig. 7.1, the impedances of service wires are disregarded. In a practical appli-
cation, where impedances of service wires should be accounted for, the developed
power sharing methodology may not be accurate. Further, while obtaining exper-
imental results presented in Section 7.8 of this chapter, slight adjustments had to
be made to the calculated reference PCC voltages because of calibration errors in
voltage sensors that measure PCC voltages of PV systems. In other words, the
power sharing methodology developed in this chapter is sensitive to the accuracy
of voltage sensors that measure PCC voltages of PV systems and the accuracy of
the analog to digital conversion in control systems of PV systems. Such a prob-

lem exists in all PV systems that have voltage regulation capabilities. Therefore
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in order to enhance the practical application and accuracy, the developed power
sharing methodology should be further improved.

The practical application and the accuracy of the power sharing methodology
developed in this chapter can be enhanced by using accurately calibrated volt-
age sensors to measure PCC voltages of PV systems. Further, if grid impedance
measurement algorithms are integrated to PV systems, each PV system is able
to determine the grid impedance seen at the PCC of the PV system. In such
PV systems, reference PCC voltages can be made to be determined by the con-
troller of the PV systems with reference to a preset maximum grid impedance.
If there is an established communication medium in between PV systems in a
power distribution feeder, that communication link can be used to identify the
maximum grid impedance that a PV system sees. In such situations, the high-
est grid impedance measured by a PV system in a power distribution feeder can
be utilised to determine reference PCC voltages and such technique will lead to
accurate results in the developed power sharing methodology when practically

implemented.

7.10 Chapter Summary

In this chapter, a power sharing methodology was proposed for PV systems that
are integrated to a radial distribution feeder. In the power sharing method pro-
posed in this chapter, a voltage bandwidth is determined for each PV system
connected to a radial power distribution feeder. Since the voltage bandwidth is
determined based on the voltage sensitivity, power sharing between PV systems
connected to the radial distribution feeder is achieved. In the proposed method,
closed-loop PCC voltage controllers are used to ensure that PCC voltage of each
PV system is maintained within the allocated bandwidth while sharing active
power. Further, the use of closed-loop PCC voltage controllers in PV systems
guarantee that the voltage of the radial distribution feeder is maintained below

253 V that is the highest voltage that a PV system should remain connected to
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the grid as per the Australian Standard AS4777.2. The proposed method enables
equal power sharing between multiple PV systems in situations where disconnec-
tion of PV systems may be necessary due to the presence of high voltages in the
grid in the absence of such a power sharing methodology.

Simulation and experimental results presented in this chapter verifies the
validity and the robustness of the developed power sharing methodology. The
voltage bandwidth that is determined for each PV system is derived based on a
simplified equation. The power sharing methodology developed in this Chapter is
sensitive to the voltage bandwidth. Hence there are inaccuracies in power sharing
between PV systems that could be observed in both simulation and experimental
results when the developed power sharing methodology was applied.

In the developed power sharing method, the allocated bandwidth for each PV
system is a function of the number of PV systems integrated to the distribu-
tion feeder. Since PV systems are being continuously integrated, the allocated
bandwidth for each PV system should be altered when an additional PV system
is integrated to the feeder which is practically difficult in an actual power dis-
tribution feeder. Further, experimental results suggest that errors from voltage
sensors in PV systems that measure the PCC voltage of PV systems may lead
to inaccuracies in the developed method when practically implemented. In order
to minimise such practical difficulties the work presented in the current research

should be further improved.
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Chapter 8

Conclusions and

Recommendations for Future

Work

8.1 Conclusions

A comprehensive literature review undertaken in this research revealed that most
of the research and development activities on small scale grid-connected PV sys-
tems had been limited to improving the operation and control of individual PV
systems. There was limited research attention on LV electricity networks inte-
grated with multiple PV systems. Therefore, the research work presented in this
Thesis was carried out in relation to the following aspects of the LV electricity
networks integrated with multiple PV systems: (a) detailed modelling of PV sys-
tems, (b) development of advanced control techniques for controlling voltage in
LV electricity networks integrated with multiple PV systems, (c¢) identifying and
analysing dynamic interaction between multiple PV systems and (d) development
of control and coordination methodologies. The main objective of the work pre-
sented in this Thesis was to enhance the integration of multiple PV systems to
LV electricity networks while minimising the system level impact of operation

and control of PV systems. The key conclusions and recommendations based on
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the work undertaken are summarised as follows.

Development and validation of a detailed simulation model of a grid-
connected PV system

A detailed simulation model of a PV system has been identified as a useful
tool for identifying the dynamic behaviour of a PV system and for analysing
system level impacts on LV electricity networks integrated with multiple PV sys-
tems. Since such detailed models are not completely presented in the published
literature, in Chapter 3 of this Thesis, a detailed component level model of a
grid-connected single-phase two-stage PV system with associated controllers was
developed. In this research, a power electronic converter topology that consists
of a current-controlled VSC and a DC-DC boost converter that form a two-stage
converter was considered as suitable for integrating small scale PV systems to
LV electricity networks. Current-controlled VSCs that provide great flexibility in
controlling active and reactive power flow across the VSC are becoming increas-
ingly popular for grid integration of small scale PV systems. A DC-DC boost
converter is needed in a small scale PV system to boost the output voltage of the
PV array to a suitable level as appropriate for integrating the PV system to the
LV electricity network.

The effectiveness of the simulation model of the PV system developed in
Chapter 3 of this Thesis with theoretically established component values and de-
signed controllers, was evaluated with simulation studies. The robustness and the
accuracy of the designed grid synchronisation mechanism, the stationary frame
current controller and the DC-link voltage controller of the modelled PV system
have been verified with time-domain simulation studies that are illustrated with
rapid changes in solar irradiance and reactive power reference. The harmonic
current that is injected by the VSC of the PV system was minimised by the
harmonic compensators that are implemented in the current controller. In the

simulation model, the controller of the PV system was capable of independently
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controlling the active power and the reactive power injected to the grid. The
active power injection to the grid was enhanced by adding an MPPT algorithm.
The MPP tracking accuracy of the MPPT algorithm and the performance of
the designed controller for the DC-DC boost converter have demonstrated under
rapid variations of the solar irradiance. The reactive power injected by the VSC
was controlled by operating the VSC at the maximum lagging power factor that
is specified in the Australian Std. AS4777.2.

An experimental setup of two grid-connected PV systems was established in
the laboratory. Each experimental PV system is comparable to the simulation
model of a PV system developed in Chapter 3. The accuracy of the simulation
model of a PV system developed in Chapter 3 has been evaluated with results
obtained from an experimental PV system. An exact one-to-one comparison of
the dynamic performance of the simulation model and that of the experimental
PV system has not been carried out due to limited access to certain parameters
in the experimental PV system. However, the experimental results presented at
the end of Chapter 3 of this Thesis provided strong evidence to confirm that
the dynamic characteristics of an actual PV system has been accurately mod-
elled in the developed simulation model. Therefore, this simulation model can be
confidently used to perform advanced simulation studies relevant to multiple PV

systems integrated to LV electricity networks.

Advanced PCC voltage control techniques for grid-connected PV sys-
tems

In an LV electricity network to which multiple PV systems are integrated,
maintaining the network voltage within allowable limits is a critical technical
issue especially at times when power generation from PV systems exceeds the
power demand by the loads connected to the local network. In such an LV
electricity network, PV systems can be deployed to control the network voltage by

regulating the active or reactive power response of each PV system. The technical
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standards that are applicable for grid-connected PV systems allow PV systems
to inject or absorb reactive power to provide voltage support. However, voltage
support techniques have been identified as less efficient compared to dynamic
voltage control with active and reactive power injection of PV systems. Hence,
in the future, use of dynamic active and reactive power controllers in PV systems
to control grid voltage is likely.

Dynamic voltage controllers have been identified as efficient ways to control
grid voltage with multiple PV systems. However, the development of detailed
design procedures and advanced analysis of dynamic performance of such con-
trollers needed to be carried out due to the lack of relevant published research
outcomes. Therefore, in this research, two closed-loop PCC voltage controllers
were developed and that are presented in Chapter 4 of this Thesis. The developed
closed-loop PCC voltage controllers were able to regulate the PCC voltage of a
PV system at a reference level by dynamically controlling the active or reactive
power response of the PV system. Simulation results and experimental valida-
tions presented in this Thesis demonstrate that the controller design procedures
illustrated in Chapter 4 of this Thesis are accurate and the responses of the con-
trollers are predictable. The closed-loop PCC voltage controllers developed in
this Thesis lead to effective and robust PCC voltage regulation of a PV system
with both active and reactive power.

Two advanced operating strategies that will lead to an optimised operation
of a PV system in a multiple PV installation were proposed in Chapter 4 of this
Thesis. These operating strategies have been developed by combining the opera-
tion of dynamic voltage controllers developed in this Thesis. The novel operating
strategy, the fixed minimum power factor operation, minimises the reactive power
consumption while staying connected to the grid until the active power of a PV
system is curtailed to a specified level. Unlike fixed minimum power factor oper-
ation, using the second novel operating strategy, the maximum apparent power

operation proposed in this Thesis may utilise the full capacity of the converter
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that interfaces the PV system to the grid. Therefore, with the maximum appar-
ent power operation of a PV system, PCC voltage regulation may be achieved
with minimum active power curtailment. Further, the maximum apparent power
operation of a PV system may dynamically control the network voltage with reac-
tive power even without injecting any active power to the grid. The experimental
results presented in Chapter 4 confirm the feasibility of implementing these novel
operating strategies in a PV system without affecting the stability of the opera-

tion of a PV system.

Identification of dynamic interactions between multiple PV systems

In this research, possible dynamic interactions between multiple PV systems
were identified by performing extensive simulation studies. The results of time-
domain simulation studies of an LV electricity network to which multiple PV
systems are integrated, presented in Chapter 5 of this Thesis, confirm that there
is control interaction between multiple PV systems when those systems regulate
the respective PCC voltage dynamically by absorbing reactive power from the
grid. In a multiple PV installation, the dynamic voltage controller of a PV system
takes a longer time to reach the steady-state because of interactions between other
PV systems.

Small-signal studies have also been used in Chapter 5 of this Thesis to de-
termine control interactions between multiple PV systems. The experimental
results presented in Chapter 5 of this Thesis confirm that the small-signal model
of a multiple PV installation developed is accurate and control interactions exist
between multiple PV systems. The developed small-signal model can be used to
analyse the control interaction between multiple PV systems and to investigate
the level of sensitivity of different parameters.

The control interactions between multiple PV systems that are identified in
this research and presented in Chapter 5 of this Thesis do not cause any dynamic

instability in the grid since all modes are critically damped, as determined by the
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modal analysis performed. However, the effects of control interaction identified
in the current research can be minimised by adding a droop controller to the
dynamic PCC voltage controller of a PV system. Further, such a droop controller
improves reactive power sharing between multiple PV systems.

The detailed simulation model of a PV system developed in Chapter 3 of
this Thesis is a useful tool in analysing and understanding dynamic performance
of a PV system or few PV systems connected to an LV electricity network. But
when analysing dynamic performance of multiple PV systems connected to an LV
electricity network, the detailed simulation model of a PV system will demand a
higher computational capacity. As a result, the actual time that is required to
simulate a case study is significantly large. In such situations, a simplified and
accurate model of a PV system may be useful to perform the simulation studies
faster. Hence, in Chapter 6 of this Thesis, a simplified model of a PV system was
developed by analysing the terminal characteristics of the detailed model of a PV
system. Comparison of the simulation results obtained from the detailed simula-
tion model and the simplified simulation model of a PV system confirm that the
developed simplified simulation model of a PV system accurately represent the
terminal characteristics of a PV system. A simulation study can be performed
15 times faster if the simplified model of a PV system is used. Therefore, the
simplified model of a PV system can be used to perform system level simulation
studies of LV electricity networks integrated with multiple PV systems providing

reasonably accurate results within a short period of time.

Active and reactive power sharing methodology for multiple PV sys-
tems integrated to a radial distribution feeder

A power control and coordination methodology for PV systems that are inte-
grated to a radial distribution feeder was proposed in this research. Such control
and coordination methodologies are essential in future LV electricity networks

in order to minimise any adverse impact with integration of multiple PV sys-
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tems. The developed methodology determines a voltage bandwidth for each PV
system to operate. The allocated voltage bandwidth of each PV system is propor-
tional to the voltage sensitivity at the PCC of the PV system. The determined
voltage bandwidth of each PV system ensures equal power sharing between PV
systems if power curtailing is necessary to keep the operation of the PV system
within the voltage bandwidth. Thereby, disadvantages associated with the volt-
age sensitivity at the point of connection of the PV system that an owner of
a grid-integrated PV system may experience are minimised. In the developed
power sharing method, the allocated bandwidth for each PV system is a func-
tion of the number of PV systems integrated to the distribution feeder. Since
PV systems are being continuously integrated, the allocated bandwidth for each
PV system should be altered when an additional PV system is integrated to the
feeder. Further, experimental results have revealed that the developed power
sharing methodology is sensitive to errors in voltage measurement systems in
PV systems. Therefore, in order to minimise such practical difficulties the work

presented in the current research should be further improved.

8.2 Recommendations for Future Work

The work presented in this Thesis can be extended by carrying out further re-
search studies. The following is a description of further activities that can be
undertaken in relation to LV electricity networks integrated with multiple PV

systems;

e Development of a detailed model of a PV system integrated to

the grid via voltage-controlled VSC

The research work presented in this Thesis is based on PV systems that
are interfaced to the grid via current-controlled VSCs. Such control method-
ologies are used in most of modern PV systems. The voltage-controlled

VSCs that were used to integrate PV systems previously are an old tech-
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nology and those converter control systems are no longer used in more
modern systems. However, there can be substantial numbers of PV sys-
tems installed earlier that are integrated to the grid via voltage-controlled
VSCs. Therefore, the development of a detailed model of a PV system in-
tegrated to the grid via a voltage-controlled VSC is beneficial in order to
identify the terminal characteristics of such a PV system and to perform
realistic system level simulation studies in LV electricity networks to which
multiple PV systems are integrated via both voltage and current controlled

VSCs.

System level studies on PV systems integrated to three-phase four

wire power distribution systems

The bulk of the research work presented in this Thesis was focused on
PV systems connected to single-phase power distribution feeders. However,
the voltage control techniques and advanced operating and coordination
strategies developed in this Thesis can be applied to PV systems integrated
to three-phase, four-wire power distribution systems that are common in
Australia. The robustness and the effectiveness of the voltage control tech-
niques and advanced operating and coordination strategies developed in this
Thesis can be evaluated by carrying out simulation studies on PV systems

integrated to three-phase four wire systems.

Integration of battery storage systems to grid-connected PV sys-

tems

In the current research, advanced control systems were developed to
dynamically regulate the PCC voltage of a PV system by curtailing active
power of a grid-connected PV system at times that is needed. If a PV
system is integrated with a battery storage system such power curtailing
may not be necessary in certain situations. With the development of ad-

vanced, economical and safe battery technologies, PV systems are likely to
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be integrated with a battery storage systems in the future. Therefore, the
development of advanced control techniques to control PCC voltage of a

PV system integrated with a battery storage is beneficial.

Further development of the control and coordination strategies

The power sharing methodology developed in this Thesis was able to
enhance the integration of multiple PV systems to LV electricity networks.
However, experimental results presented in this Thesis confirm that the
developed power sharing methodology is sensitive to errors in the voltage
measurement systems in a PV system. Therefore, further research work
can be carried out to enhance the practical application and to improve the
accuracy of the power sharing methodology developed in this Thesis by
using accurately calibrated voltage sensors to measure PCC voltages of PV

systems.

A PV system is able to determine the grid impedance seen at the PCC
of the PV system if grid impedance measurement algorithms are integrated
to the PV system. In such PV systems, reference PCC voltages can be
determined by the controller of the PV systems with reference to a preset
maximum grid impedance. If a communication medium exists between
PV systems in a power distribution feeder, that link can be used to help
identify the maximum grid impedance that a PV system measured by the
grid impedance measurement algorithm. In such situations, the highest
grid impedance measured by a PV system in a power distribution feeder
can be utilised to determine reference PCC voltages and such technique will
lead to accurate results in the developed power sharing methodology when
practically implemented. The above mentioned possibilities of improving
the power sharing methodology proposed in this Thesis can be validated

analytically and experimentally.

179



e Field experiments to further validate the outcomes of this thesis

In this research, an extensive and rigorous experimental program has
been carried out to validate the robustness of the developed advanced con-
trol and coordination methodologies and accuracy of the analytical tools
developed. The experiments were carried out in a laboratory under con-
trolled conditions. In an actual PV installation there may be operating
conditions that are different to test conditions simulated at the laboratory.
Therefore, by carrying out field experiments, the outcomes of this Thesis

can be further validated.
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Appendix A

LCL Filter

A.1 Basic Equations of the LCL filter

N J@ i“ e “-tzm\—mLfg LR 1

Vi = | Y Z;g * * %’)
<l 7 |

LCL Filter Grid_ _é_

VSC

Figure A.1: A single-phase grid-connected VSC with an LCL filter

A single-phase grid-connected VSC that is interfaced to the grid via an LCL
filter is shown in Fig. A.1. The VSC consists of a full-bridge inverter and a
unipolar PWM technique is used for switching the VSC. Further, the DC-link of
the VSC is connected to a constant DC voltage source, V.. The grid impedance
is assumed to be zero. In the figure, Lg and Ly, represent the inductances of the
converter side and the grid side inductors respectively. Ry and Ry represent the
resistance of each inductor. The damping resistor, Rq, is connected in series with
the capacitor Ct. Voltages v, v, and v, are the voltage at the output of the VSC,
the voltage across C; and R4 and the grid voltage respectively. Currents ¢ and
ig are the output current of the VSC and the current injected to the grid by the

VSC respectively.
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The harmonic model of the LCL filter shown in Fig. A.1 is given in Fig. A.2.
In the figure, “nh” indicates a harmonic number. If the grid voltage is assumed as
a pure sinusoid at fundamental frequency, f, the grid voltage appears as a short

circuit for all the harmonic voltages created by the VSC. Under such conditions,

(A.1) can be derived from Fig. A.2.

i(nh) Lt Rt Ly Ry ig(nh)
O —MN————

A A A

G

v(nh) Rd—% v(nh)  vy(nh)

Figure A.2: Harmonic model of the LCL filter

Growls) = Zj((j)) B As3 +R;§;S++C'13 +D (A1)
where,
A = L. Lig Ct
B = (L Ry + Lig Ric + (Lt + Lig) Ra)Ct
C = (RigRic + RicRa + RigRa)Cr + L + Ly,
D = Rg + Ry
If the resistance of each inductor is neglected;
Gres) = Zf(f)) " $[LeeLgCrs® + ch;:(];i?/;fg)s + Lio + Ly (A-2)
Further, if the damping resistor is neglected;
Grels) = Zf((j)) - s(LfCLngfs21+ Lie + Lgg) (A3)
Equation (A.3) can be presented as follows,
ig(s) _ Zi (A.4)

v(s) N sLg(s% 4+ wly)
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where Z3¢ = 1/L,Cr and w2, = (Lge + Lig)/ L Lty Cs.

Switching frequency (fs) current harmonics are dominant in the output cur-
rent of the VSC. Therefore, the LCL filter design procedure will follow to reduce
the switching ripple current that flows to the grid. The switching ripple current
attenuation by the LCL filter at any frequency can be derived in two ways. First,
it is derived assuming that the filter capacitance has very small impedance at high
frequencies. Therefore the capacitor branch can be considered as short circuited.

Hence, with that assumption, the following relationship between the converter

side current and voltage can be derived.

BASCAN (A.5)

From (A.4) and (A.5);

ig(s) ~ ZEC
i(s) (8% + wi)

(A.6)

As the second method, the transfer function for the switching ripple current
attenuation can be derived as given in (A.7) without the assumption used to
derive (A.6) and considering that the grid voltage appears as short circuited for

harmonics.

ig(s) o ZI%
ORRCEYZN (A7)

The assumption made to derive (A.6) is for the purpose of developing a re-
lationship between Ly, Lg, and Cf for frequencies higher than the switching fre-
quency of the VSC, fs,. The assumption will be justified while analysing the
performance of a designed LCL filter.

Defining base quantities for the VSC system;

Zy = £ (A.8)



1
7wa

C, (A.9)

A.2 Design constraints of LCL filter component sizes

1. The capacitance of C; is limited by the amount of reactive power absorbed

by the capacitor (generally less than 0.05F,).

2. To limit the AC voltage drop during operation, the total value of inductive

reactance, (wLg.+w L) should be less than 0.1 pu at fundamental frequency.

3. The resonant frequency should be in the range 10f < fies < %fSw to avoid

resonance problems. f, is the resonant frequency of the LCL filter.

4. The damping resistor, 24 should be large enough to provide sufficient damp-
ing at the resonant frequency of the LCL filter but losses cannot be very

high.

A.3 Design procedure of an LCL filter

1. Determine the switching current ripple through the converter side inductor
and establish the inductance of Lg. Then the grid side inductor of the LCL

filter, Lg, can be expressed as a function of Ly, using an index, r.

Lfg = TLfC (AlO)

2. If x is the percentage of reactive power absorbed under rated condition as
mentioned in Constraint 1, the maximum capacitance of Cy can be calcu-
lated as follows.

Cf = l’Cb (A.ll)

3. Equation (A.6) can be rearranged as (A.12) where a = LCyw?,. A value

for r can be calculated using (A.12) for a given switching ripple current
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attenuation. Before using (A.12) to calculate r, the desired switching ripple
current attenuation should be multiplied by a factor to account for losses

and damping.

1
N 1+ 7(1 — ax)|

ls

?

(A.12)

After obtaining a value for r, L, can be determined from (A.10). If the
total inductance of the LCL filter does not respect Constraint 2, a different
level of switching ripple current attenuation or a different value for x should

be selected.

. Verify the resonant frequency of the LCL filter using (A.13) where wye is

the resonant frequency of the LCL filter and wyes = 27 fres-

L + Lfg
Wres = \| T~ A.13
LfCLfng ( )

If the calculated wyes is not within the range as per Constraint 3, either x

or the attenuation level of the switching ripple current should be changed.

. The resistance of Ry should be chosen to be a similar order of magnitude
as the impedance of C; at fs. Then verify the switching current ripple
attenuation by the LCL filter. If the attenuation is not adequate, the design

should return to step 2 or to step 3.

A.4 LCL filter designing for a 5.4 kVA single-phase VSC

The necessary details of the 5.4 kVA single-phase VSC system that are required

to design the LCL filter are given in Table A.1. In Table A.1, P, and V; are the

rated active power capacity and the rated voltage of the VSC respectively. As per

the specification given in Table A.1, base values can be calculated as Z;, = 9.8 Q2

and C}, = 325 uF' by using (A.8) and (A.9) respectively.
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The inductance of L to limit the peak switching ripple current, A, through
Li. to a given value can be obtained from (A.14) [68], [69]. Equation (A.14)
is valid only if the VSC is modulated with sinusoidal unipolar PWM and the

modulation index, m is 0.5 < m < 1.

Table A.1: Specifications of the VSC

Parameter | Value
P, 5.4 kW
Vi 230 V
Vie 400 V
f 50 Hz
fsw 25 kHz
Ly, = HSA‘/% (A.14)

In order to attenuate the switching ripple current of the output current of
the VSC to 10% of the rated peak current of the VSC, L. can be calculated as
300 pH using (A.14).

According to Constraint 1 given in Section A.2, Cf < 16.25uF. Fig. A.3 is
a plot of (A.12) when switching current ripple attenuation is 20%. The plot
shows variation of r which is the ratio between Ly, and Ly, against Ct. From
the graph, the rate of change of r is not significant when Cy > 2 yF. This means
that although the capacitance of Cy can be increased beyond 2 uF, there will not
be much reduction in the size of L¢, that can be achieved. Therefore, the value
of r when C; = 2 pF is selected for designing the filter. Therefore, from (A.10),
Lgg = 150 pH.

The resonant frequency of the LCL filter, f.of is 10.7 kHz and the total induc-
tance of the LCL filter is 0.015 pu if Lg = 300 pH, Ly, = 150 pH and Cy = 2 pF.
Hence constraints 2 and 3 are satisfied. The damping resistor, R4 is chosen as
one third of the impedance of the filter capacitor at 25 kHz.

The designed LCL filter parameters are given in Table A.2.
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Figure A.3: Variation of r with Cf for switching ripple attenuation of 20%

Table A.2: Design parameters of the LCL filter

Parameter | Value
L. 300 uH
Ly, 150 pH
Ct 2.2 uF
Sres 10.7 kHz
L. + Lig 0.015 pu

A.5 Analysis of the designed LCL filter

Bode Diagram
T

Without assumption
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Magnitude (dB)
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Frequency (Hz): 2.49e+004
Magnitude (dB): -16.3

[ —
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F
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Magnitude (dB): —17 T
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Figure A.4: Switching ripple current attenuation of the LCL filter

The amount of grid side ripple current attenuation with respect to converter
side ripple current can be determined by the frequency response of both (A.6)
and (A.7). The frequency response of (A.6) and (A.7) are shown in Fig. A.4.
The switching ripple current attenuation after fos which is 10.7 kHz is almost
the same for both transfer functions. Therefore the assumption made to derive

(A.6) can be justified for frequencies above fs,. The switching ripple current
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attenuation at f,,, which is determined from two plots in Fig. A.4, is less than
20%. Hence the designed LCL filter parameters given in Table A.2 satisfy the

design requirements.
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Appendix B

Analysis of the closed-loop
current controller of a VSC with

an LCL filter

B.1 Simplification of the LCL to an L filter at low fre-

quencies

Lic Ry Lty Ry L ,
“—42%\—Wv H

Y -

S g

<

LCL Filter Grid

VSC

Figure B.1: LCL filter of a single-phase grid-connected VSC

An LCL filter of a single-phase grid-connected VSC is shown in Fig B.1. Equa-
tion (A.1) that is derived in Appendix A and that is restated as (B.1) becomes
the transfer function of the LCL filter when the closed-loop current controller
of a single-phase grid-connected VSC that is interfaced to the grid via an LCL
filter is considered. In (B.1), Lg and L, are the inductances of the converter side
and the grid side inductors of the LCL filter respectively. Rj. and Ry are the
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resistances of inductors of the LCL filter. The damping resistor is Rq and that is
connected in series with the filter capacitor, Ct. v is the voltage at the output of
the VSC and 4, is the current injected to the grid by the VSC.
ig(S) RqCts + 1

_ B\5)
Gren(s) = v(s) As3+Bs’+Cs+ D

(B.1)

where,

A = L L Cy
B = (L Rtz + LigRic + (Lgc + Lgg) Ra) Ck
C = (RicRig + RicRa + RigRa)Cr + L + L,

D = Ry + Ry,.
The transfer function an L only filter can be obtained from (B.1) if Ct = 0

and that is given in (B.2).

_ ig(5> . 1
Gu(s) = v(s) (Lt + Lgg)s + R + Ry (B.2)

The frequency responses of (B.1) and (B.2) are shown in Fig. B.2 when Ry,
Ryy, and R4 are assumed to have negligible resistances. The frequency responses of
both the LCL filter and the L filter below the resonant frequency of the LCL filter
is almost similar as that can be seen in the Fig B.2. Both types of filters attenuate
signals of frequencies less than the resonant frequency by —20 dB/decade. If the
desired bandwidth of the closed-loop current controller of the VSC is 500 Hz that
is far less than the resonant frequency of the LCL filter. Hence, the LCL filter

can be simplified to an L filter while designing the closed-loop current controller.
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Bode Diagram
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Figure B.2: Frequency responses of an LCL and an L filter

B.2 Effect of the damping resistor in the LCL filter on the
dynamic stability of the closed-loop current controller

of the VSC

A simplified block diagram of the closed-loop current controller of the VSC is
shown in Fig. B.3. In Fig. B.3, GLcwL(s) is the transfer function of the LCL filter
that is given in (B.1) and C(s) is a proportional resonant (PR) regulator. The
transfer function of the PR regulator that includes both fundamental frequency
compensator and low-order odd harmonic compensators (HC), is given in (B.3)
where k. is the proportional gain, ki, is the integral gain and w, is the 3 dB

cut-off frequency and wy = 1007 rad/s.

A4

ig
Giew(s) >

C(s)

Figure B.3: Simplified block diagram of the closed-loop current controller

2kicnw,eS

Cls) = kpe + Z $2 4 2wes + (hwy)? (B-3)

h=1,3,5,7
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The open-loop and closed-loop transfer functions of the current controller

shown in Fig B.3 are given in (B.4) and (B.5) respectively.

Gol(S) = C(S)GLCL(S) (B4)

C(S)GLCL<S)

Ga(s) = 1+ C(s)GreL(s)

(B.5)

In the LCL filter shown in Fig B.1, L¢ = 300 uH, Ly, = 150 pH, Cy = 2.2 pF
and Ry, Rg, = 0.001 Q. In the PR regulator that is given in (B.3), k,. = 4,
ki1 = 100, ki, = 80 (h = 3,5,7) and the 3 dB cut-off frequency, w,, is 5 rad/s.

The pole and zero plot of (B.4) is shown in Fig. B.4 when Rq = 0. Ry and
Ry, which are the resistances of inductors in the LCL filter, are assumed to have

negligible values when plotting Fig. B.4.

X 104 Pole-Zero Map
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6 System: OL
Pole : 0 + 6.74e+004i
Damping: -0
4k Overshoot (%): 100 i
Frequency (Hz): 1.07e+004
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c
>
©
E
= Ll
a4l
6}

= I I I I I I
-140 -120 -100 -80 -60 -40 -20 0
Real Axis

Figure B.4: Pole and zero plot of open-loop system without damping

In Fig. B.4, there are two poles on the imaginary axis that are further away
from the origin. Hence the closed-loop current controller is unstable when R4 =
0 €. These unstable poles are the resonant poles of the LCL filter.

The stability of the closed-loop current controller can be improved by adding a
damping resistor, Ry in series with the LCL filter capacitor Ct [60]. The addition
of the damping resistor, R4 creates an additional zero while attracting unstable

poles towards negative side of the imaginary axis in the complex plane and hence
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improve the stability of the closed-loop current controller.

The positions of poles and zeros of the open-loop system after adding the
damping resistor, R4, in series with the filter capacitor, Cf, is shown in Fig. B.5
for a range of values of Rq. As shown in Fig. B.5, the unstable poles of the open-
loop system have moved to the left hand side of the imaginary axis in the complex
plan. Hence the stability of the closed-loop current controller is improved with

addition of Ry.
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Rd = 2 ohm x XX
6 X 4
Rd =4 ohm
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41 i
2k B
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x
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>
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£
j=2)
I
E
-2 B
4l 4
6L > 4
X % %
-8 1 1 1 1 1
-2.5 -2 -1.5 -1 -0.5 0 0.5
Real Axis x 10°

Figure B.5: Pole and zero plot of open-loop system with damping

The Bode plots of (B.4) with and without Ry are shown in Fig. B.6 in which
resonant peaks at low frequencies are due to the PR regulator and the resonant
peak at around 10.7 kHz is because of the LCL filter. The resonant peak caused
by the LCL filter has been reduced once R4 is added. The stability of the closed-
loop current controller improves with increasing damping resistor values, while
the attenuation provided the LCL filter for high frequency signals has reduced.
Since a higher damping resistor increases resistive losses in the system, a small
resistor should be selected which can improve system stability while minimising
the losses. In this work, the damping resistor, Ry is chosen as one third of the
impedance of the filter capacitor at the resonant frequency frequency of the LCL
filter, fres [60]. The impedance of filter capacitor at fis is 7 Q. Hence Ry is

chosen as 2 (.
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Figure B.6: Frequency response of the open-loop system

B.3 Effect of the grid impedance on the performance of
the LCL filter and the closed-loop current controller
of the VSC

The LCL filter was designed using the procedure stated in Appendix A considering
that the grid impedance is zero. In a real world application, the LCL filter is the
front end of a VSC that is connected to the grid. Hence studying the effects of
the grid impedance on the performance of the LCL filter is important. Further,
the performance of the closed-loop current controller should be evaluated in the
presence of the grid impedance as well.

In the following analysis, the grid impedance (0.4 + 70.25 €2) is lumped with
the grid side inductance, L, and the resistance, Ry, of the LCL filter. Further,
resistances of filter components are neglected.

The Bode plot of the open-loop current controller is shown in Fig. B.7 for two
different cases. As shown in Fig. B.7 the resonant frequency of the LCL filter
without the grid impedance is 10.7 kHz. Once the grid impedance is added to the
system, the resonant frequency of the LCL filter has dropped to 7.1 kHz which is
about a 33% reduction from the previous value. The performance of the LCL filter

with respect to attenuating high frequency harmonics has improved with addition
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Figure B.7: Frequency response of the LCL filter with grid impedance
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Figure B.8: Poles and zeros plot of open-loop current controller with grid
impedance

of grid impedance. However, the decrease in the resonant frequency of the LCL
filter with the addition of the grid impedance may cause passive damping that
was designed for an ideal grid situation ineffective. Further, with the addition
of the grid impedance, the bandwidth of the closed-loop current controller has
reduced and that can be observed from Fig B.7. Since the current controller has
harmonic compensators, there is a possibility that the current controller could
become unstable with the reduction in the bandwidth of that controller. Hence,
the effects of the grid impedance on the performance of the LCL filter and the

closed-loop current controller should be considered when designing the LCL filter
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and tuning the closed-loop current controller.

The pole and zero plot of the open-loop current controller is shown in Fig. B.8
for three different cases; (i) when R4 = 0 and without grid impedance, (ii) when
Rq = 2 Q and without grid impedance, and (iii) when Ry = 2 © and with grid
impedance. According to Fig. B.8, two complex conjugate poles, which are the
resonant poles of the LCL filter, have moved towards imaginary axis with the
addition of grid impedance. This confirms the reduction of the effectiveness of

designed passive damping when grid impedance is added to the system.
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Appendix C

DC-link capacitor of a

single-phase VSC

100 Hz voltage ripple in the DC-link voltage of a

C.1
single-phase VSC
va_> Pdc_> P, Qc_> Pgr Qg_>
.......................... . o
350 T i) i)
J J — WA
LQ RQ

A
Cov Cy G
Tl KE S Hh IR
Ry

Grid

|||—

LCL Filter

H-Bridge

DC-DC Boost Converter

Figure C.1: A grid connected PV system with a VSC

A grid-connected single-phase PV system is shown in Fig. C.1. In the figure

vg and ¢, are the instantaneous voltage and the current at the PCC of the PV

system where v, = V,,sin(wt) and i, = [y sin(wt — ¢). Vym and I, are the
y g g g g g g

peak values of v, and i, respectively, ¢ is a phase angle and w is the fundamental

frequency.

The instantaneous power, p(t) at the PCC is,

p(t) = Vglg
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P(t) = VamIgm sin(wt) sin(wt — ¢). (C.2)

Equation (C.2) can be simplified given in (C.3).

1 1
p(t) = §nglgm cos o[l — cos(2wt)| — §ng]gm sin ¢ sin(2wt) (C.3)

If P= %nglgm cos¢ and ) = %V:gmlgm sin ¢ where P is the average active
power and @) is the average reactive power, assigning these values in (C.3), (C.4)

can be derived.

p(t) = P[1 — cos(2wt)] — @ sin(2wt) (C4)

The instantaneous power variation on the AC side of the VSC that is given
in (C.4) is plotted in Fig. C.2 when P = 1 and Q = 1. According to (C.4) and
Fig. C.2, in a single-phase system, the active power delivered to the grid has an
average value of P (which is 1 in this particular case) and an oscillating component
that is —P cos(2wt). The active power flow is unidirectional since the active
power component in (C.4) never becomes negative when power is injecting to the
grid. Unlike the active power component, the reactive power component only
has an oscillating component, that oscillates at twice the fundamental frequency.
Therefore the average value of the reactive power delivered to the grid over half
a cycle is zero.

The PV array generates only DC power. Hence, P, in Fig. C.1 is DC power
which is equal to the average power P if the losses in the converter system are
disregarded. However, the grid side of the single-phase VSC demands not only
the constant active power that can be supplied by the PV but also an oscillating
component of active power. The oscillating active power component cannot be
supplied by the PV array. Therefore, there is a mismatch in the instantaneous
power demand from the AC side and the available power from the PV array. In
single-phase VSCs, the DC-link capacitor, (Cy.) is used to balance the power mis-
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Figure C.2: Variation of the active and the reactive power delivered to the grid
in a single-phase VSC

match. When the AC side power demand is less than that is generated by the PV
array, the DC-link capacitor, Cy., charges by storing excess energy, whereas when
the demand is higher than generated power from the PV array, C,, discharges
by releasing stored energy. The charging and discharging of Cy. causes a voltage
ripple at the DC-link. The frequency of the ripple is equal to the frequency of
active power oscillation that is twice the fundamental frequency.

In half a cycle that is 10 ms, the energy transfered to the grid as reactive power
is zero. Therefore the amount of energy drawn from the PV array to generate
reactive power is zero. Within a quarter cycle, for example, from ¢t = 0.005 ms
to t = 0.010 ms in Fig. C.2, capacitor Cy. releases a certain amount of energy
as the reactive power to the grid and within the next quarter cycle the capacitor
stores the same amount of energy. The energy transfer as the reactive power
also causes voltage oscillations at the DC-link at a similar frequency as the active

power transfer does.

C.2 Selection of the DC-link capacitor value

An expression for the energy oscillation at the AC side of the VSC can be obtained

by considering only the oscillating power components of (C.4) and integrating
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that oscillating power components. An expression for the energy oscillation at
the DC-link capacitor can be obtained by multiplying the energy oscillation at the
AC side by —1. The derived expression for the energy oscillation at the DC-link

capacitor, Ae(t) is given in (C.5).

Ae(t) = % sin(2wt) — % cos(2wt) (C.5)

The oscillating energy at the DC-link that is given in (C.5) is plotted in
Fig. C.3 for three different cases; (i) only one unit of active power (P =1, Q = 0),
(ii) only one unit of reactive power (@ = 1, P = 0), and (iii) one unit of both P
and @ (Q =1, P=1).

In Fig. C.1, the VSC is designed to inject 5 kW of active power and to in-
ject/absorb 2 kVAr of reactive power. Therefore, P to @ ratio is 1:0.4. The
oscillating energy at Cy. for this particular P to @) ratio is shown in Fig. C.4.
The energy variation at the DC-link when the converter is injecting both active
and reactive powe and injecting only active power are approximately similar if
the P to @ ratio is 1:0.4 as per Fig. C.4. Hence the effect of reactive power on
the 100 Hz ripple in the DC-link voltage can be neglected. Equation (C.5) can be
simplified to (C.6) if the effect of reactive power is disregarded. Equation (C.6)
is plotted in Fig. C.5 for P = 1.

Ac(t) = 25 sin(2wt) (C.6)

w

The difference in the maximum and the minimum energy stored in Cy., Aépnax
that is the energy difference when 2wt = —7/2 and 2wt = 7/2 in (C.6) is given
in (C.7).

P
Aepaxy = — C.7
s = (1)

The maximum and the minimum energy stored in Cy. causes the maximum
and the minimum voltages at Cy. since the voltage across a capacitor is propor-
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Figure C.3: Energy oscillation at the DC-link capacitor for 1:1 of P to () ratio

tional to the stored energy in the capacitor. Therefore Aey,., can be written in
terms of the maximum and the minimum DC-link voltages that are Vyemi, and

Viaemax Tespectively as given in (C.8).

1 1
Aemaac = QCdCV:fcmax - §Cdc‘/:i2cmin (CS)

An expression for the peak-peak 100 Hz DC-link voltage ripple, AVy, can be
derived as given in (C.9) from (C.7) and (C.8). In (C.9), AVie = Viemax — Viemin
and Vicave = (Viemax + Viemin)/2 that is the average DC-link voltage of the VSC.

P

AV = ——— C.9
d C1dc‘/dcw ( )

An excessively large capacitor at the DC-link can reduce the DC-link voltage
ripple almost to zero as per (C.9). But that is practically impossible and there
is a limitation to the size of Cy.. Hence there is a voltage ripple in the DC-
link voltage of a single-phase VSC. The capacitance of the DC-link capacitor of
a single-phase VSC is determined to limit the peak-peak ripple of the DC-link

voltage.

If Vicave = 400 V and 5% of Vicayg is desired as AVg. in the VSC in Fig. C.1,
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Figure C.4: Energy oscillation at the DC-link capacitor for 1:0.4 of P to @) ratio

Cqe should be equal to 2000 uF as per (C.9).

C.3 Control plant model of the DC-link voltage

A power balance equation can be written as in (C.10) for the AC side and the
DC side of the VSC in Fig. C.1, neglecting the losses in the VSC and the energy
stored in LCL filter components.

d 1

4l - R (c.10)

Py

In (C.10), Py is the power available at the DC-link from the PV system
assuming lossless conversion at the DC-DC converter. The derivative term in
(C.10) is the rate of change of energy at Cq.. Equation (C.10) can be rearranged
as (C.11) that describes a linear model with VZ as the control output, P, as

the control input and Py, as the disturbance. According to (C.11), Vg, can be

controlled by controlling the amount of active power injected to the grid.

_‘/(l2c:Pg_Pdc (Cll)
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Figure C.5: Energy oscillation at the DC-link capacitor for one unit of active

power

The transfer function of the control plant model for the DC-link voltage is

given in (C.12).

_ Viels) 2 (C.12)
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Appendix D

Experimental Setup

D.1 Introduction

In order to validate the simulation model of a grid-connected single-phase, two-
stage photovoltaic system that was developed in PSCAD/EMTDC simulation
program, an experimental setup was needed. Therefore a laboratory scale experi-
mental setup of two, 5 kW grid-connected single-phase, two-stage PV systems was
implemented after acquiring necessary hardware and using the control algorithms
developed in the simulation model. The implemented experimental setup is used
for validating the simulation model and also for identifying operational and con-
trol interactions between multiple PV systems when PV systems are operated

electrically very close to each other.

D.2 System description of the experimental setup

A schematic diagram of the implemented experimental setup of the grid connected
PV system is shown in Fig. D.1. A picture of the complete experimental setup

implemented is shown in Fig. D.1
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The implemented PV system consists of a two-stage converter that was formed
by a combination of a DC-DC boost converter and a VSC. The PV system is
interfaced to the grid via an LCL filter. A brief description of various modules
and some of the important components shown in Fig. D.1 are given in following

subsections.

D.2.1 SEMITEACH-IGBT stack

Figure D.3: The Semikron SEMITEACH-IGBT stack

The Semikron SEMITEACH-IGBT stack that was used in the experimental
setup is shown in Fig. D.3. This module was used to form most of the power
electronic circuitry of the two-stage converter. In the experimental setup, two
legs of the 3-phase inverter built into the Semikron SEMITEACH-IGBT stack
was used to form the full-bridge. Further, the diode (Dg.) and the power elec-
tronic switch, Sy, that are parts of the DC-DC boost converter and the DC-link
capacitor, Cy. are integrated components of the Semikron SEMITEACH-IGBT
stack. The full-bridge in combination with Cy. forms the VSC that is the DC-AC
power converter of the PV system. All power electronic switches in the module
are IGBTs.

The Semikron SEMITEACH-IGBT stack has built-in IGBT drivers for each

leg of the 3-phase inverter built into the stack. The driver imposes roughly a 4 us
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dead-time on top and bottom switches of a leg in order to avoid a short-circuit
condition in the power circuit. The IGBT drivers should be supplied with an
external 15 V DC power supply. The IGBT driver generates an error in cases
where the driver detects a power supply undervoltage condition or an over current
condition through an IGBT of the stack. If the driver detects an error, the IGBT
is turned off. The error signal that is generated by the driver of each leg is
accessible from outside of the stack. Hence in the experimental setup these error

signals are integrated to the control circuit to develop protective measures.

D.2.2 LCL filter

The LCL filter minimises the amount of switching frequency harmonic current
injected to the grid by the PV system. There were two types of LCL filter
configurations considered while implementing the experimental setup and those
two configurations are shown in Fig. D.4 where Ly is the converter side inductance
and Ly, is the grid side inductance. Ry, and Ry, are resistances of converter side
and grid side inductors respectively. C; is the filter capacitor and R4 is the
damping resistor.

In the experimental setup, the switching frequency of both the DC-DC boost
converter and the VSC are 10 kHz and bipolar sinusoidal pulse width modulation
(bipolar-SPWM) was used to switch the IGBTs in the VSC due to limitations
in the dSPACE-DS1104 controller. Since the LCL filter configuration shown in
Fig. D.4(b) leads to less ground leakage current when the VSC is switched with
bipolar-SPWM technique, that particular LCL filter configuration is used in the
implemented experimental setup of the PV system.

The LCL filter was initially designed by following the procedures described in
Appendix A. However, when purchasing inductors for the LCL filter rather than
adopting component values that are optimally designed (in terms of inductances
and capacitance) a conservative design approach was followed. A considerable

margin was allowed for design errors when deciding the component values to pur-
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Figure D.4: LCL filter configurations

chase but the design rules depicted in Appendix A were not violated. The values
of the components of the LCL filter as used in the implemented experimental
setup of the PV system are Li = 900 pH, Ly = 450 pH, Cf = 4.7 pF and
Rq =2

D.2.3 PV emulator

The PV emulator simulates the electrical characteristics (I-V curve) of a defined
PV array. An ELGAR TerraSAS ETS1000X PV emulator is used in the experi-
mental setup. The front view of the ELGAR TerraSAS ETS1000X PV emulator

is shown in Fig D.5.

Figure D.5: The front view of a ELGAR TerraSAS ETS1000X PV emulator

The maximum output power, output current and output voltage of the EL-
GAR TerraSAS ETS1000X PV emulator are 8.5 kW (at 0.85 fill factor), 10 A DC
and 1000 V DC respectively. In the design of the DC-DC boost converter of the
PV system, the nominal input voltage of the DC-DC boost converter (V,,) was
considered as less than 300 V DC. Hence, with the limited current rating of the
PV emulator and also with the input voltage limitation of the DC-DC boost con-
verter, the designed PV system cannot be operated at the rated power, 5 kW

with one PV emulator. The maximum power rating that the PV system can be
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operated with one PV emulator is roughly 3 kW. In order to operate the PV
system at the rated power of the converter system, two PV emulators that are
connected in parallel can be used.

At the initial stage of the implementation of the experimental setup of the PV
system, the LCL filter configuration that is shown in Fig D.4(a) was used and
unipolar-SPWM technique was used to switch the VSC. When the PV system
was tested with the LCL filter configuration that is shown in Fig. D.4(a) and
unipolar-SPWM the ELGAR TerraSAS ETS1000X PV emulator was tripping at
the time of grid connection. Since detailed information on the internal circuitry
of the PV emulator was not readily available, a proper technical analysis could
not be performed to identify the root cause for tripping. Therefore a trial and
error method was followed to find a solution.

An analysis performed in [70] has illustrated that in single-phase transformer-
less PV systems that are designed with the LCL filter configuration shown in
Fig. D.4(a) and unipolar-SPWM switching of VSC, the ground leakage current
is quite significant. Further, single phase transformerless PV systems that are
designed with the LCL filter configuration shown in Fig. D.4(b) and bipolar-
SPWM switching of VSC has been identified as a design leading to less ground
leakage current. Accordingly, in the implemented experimental setup of the PV
system, the LCL filter configuration was changed to the configuration shown in
Fig. D.4(b) and bipolar-SPWM switching technique was used to switch the VSC.
With these modifications in the PV system, the ELGAR TerraSAS ETS1000X
PV emulator functioned as required, without tripping at the time of grid connec-
tion. Though the PV emulator stayed connected after the grid connection the
output of the PV emulator was not stable. Upon the recommendations received
from the supplier of the PV emulator with regard to stabilising the output of
the PV emulator, an EMI filter was included at the output of the PV emulator
(the EMI filter is not shown in Fig. D.1). A Shaffner FN 2200-25-33 EMI filter is

used in the implemented PV system. After the changes such as including a EMI
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filter at the output of the PV emulator, changing the LCL filter configuration to
that is shown in Fig. D.4(b) and utilising bipolar-SPWM switching technique to

switch the VSC, the PV emulator continued to operate satisfactorily.

D.2.4 Power grid

In the experimental setup of the PV system, the power distribution grid was
emulated with an electronic power source that is connected in series with an
impedance for initial testing purposes. The California Instruments MX30 AC
and DC power source in combination with OMNI 3 — 75 impedance bank was
used to simulate the power distribution grid. The impedance of the simulated
grid was (0.25 + j0.25) €. At the latter stages, the implemented PV system was

connected to the actual power distribution grid.

D.2.5 Inductor of the DC-DC boost converter (Lq.)

The inductance of L4 was calculated using (D.1) to limit the current ripple, Al,
of the current that is flowing through the inductor [58]. In (D.1), V,y is the
voltage across the PV array, Vicave is the average DC-link voltage and fq4. is the

switching frequency of the DC-DC boost converter.

va(vzic,avg - va)

Lgc =
¢ Alfdc‘/:icavg

(D.1)

When the PV system is operated at the rated capacity, the input voltage
of the DC-DC boost converter, V,,, is 300 V. Further, the rated capacity of the
DC-DC boost converter is 5 kW, Vicavg is 420 V and f4. is 10 kHz. Hence the
inductor, Lg. = 9 mH, calculated to limit AI to 5% of the rated input current of
the DC-DC boost converter. In the implemented PV system two, 6 mH iron core

inductors (connected in series) were used instead of a 9 mH inductor.
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D.2.6 Input capacitor of the DC-DC boost converter (Cpy)

The input capacitor of the DC-DC boost converter, Cy,,, minimises the switching
frequency ripple current that is drawn from the PV array and thereby the switch-
ing frequency ripple voltage. Also, if a large capacitor is used as Cl,, the PV
array can be decoupled from AC side dynamics. In the implemented PV system,
decoupling of the PV array from AC side dynamics was achieved by means of im-
plemented control techniques. The capacitor C,, was mainly utilised to minimise
the switching frequency ripple current that is drawn from the PV array. Hence,

a smaller capacitor could be used at the input of the DC-DC boost converter.

DV,

O T AV Luf

(D.2)

The capacitor, Cpy, was calculated based on the equation given in (D.2) [58].
In (D.2), D is the duty cycle of the DC-DC boost converter, V,, is the average
voltage across the PV array, AV, is the switching ripple voltage of the PV array,
Lgc is 12 mH and fq. is 10 kHz. The capacitor, Cp,, was selected as 40 pF in the

implemented PV system in order to limit AV}, to less than 0.5 V.

D.2.7 DC-link capacitor (Cy.)

The DC-link capacitor, Cy., is an integrated part of the SEMITEACH-IGBT
stack. The value of Cy. is 1100 pF. The DC-link voltage consists of an average
DC component, Vicayvg, as well as a 100 Hz voltage ripple. An expression for the
peak-to-peak 100 Hz voltage ripple of the DC-link voltage, AVy., is derived in
Appendix C and is given in (D.3) where P, is the active power injected to the grid
and w is the fundamental angular frequency of the grid voltage. Since Vjcayg is
420 V in the implemented PV system with the given capacitance for Cy., AVy. =
34 V if the PV system is operated at the rated power that is 5 kW. Hence in the
implemented PV system the peak-to-peak 100 Hz voltage ripple of the DC-link

voltage is less than 10% of the average DC-link voltage.
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Appendix E

Dynamic performance of

STARSINE 5 kVA DSTATCOM

The STARSINE 5 kVA DSTATCOM that was initially manufactured by Surtek
Pty Ltd in Queensland, Australia is a commercially available small scale DSTAT-
COM. This converter can be configured to operate in all four quadrants meaning
that injection or absorption of any combination of active and reactive power is
possible, limiting to the kVA rating of the converter. The Industry Partner of this
research project, Essential Energy had utilised these DSTATCOMS to regulate
voltage in long distribution feeders in their network and was interested in utilising
these converters to regulate network voltage in LV grids to which multiple small
scale PV systems are integrated. However, the dynamic performances of STAR-
SINE 5 kVA converters when used in LV grids to which multiple PV systems are
integrated were not known. Therefore experimental investigations were carried
out in this research project to validate the dynamic performance of STARSINE
5 kVA converters in such an applications.

In the first part of this appendix, terminal characteristics of a STARSINE
5 kVA DSTATCOM and the dynamic behaviour of two of STARSINE 5 kVA
DSTATCOMSs when operated electrically close to each other are illustrated. In

the final part of this appendix, experimental results obtained by integrating two
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STARSINE 5 kVA DSTATCOMs and two experimental PV systems developed

in this research project to an experimental network are presented.

E.1 STARSINE 5 kVA DSTATCOM

Figure E.1: Front view of a Surtek STARSINE 5 kVA DSTATCOM

The front view of a STARSINE 5 kVA DSTATCOM is shown in Fig. E.1.
These DSTATCOMSs can be configured to control reactive power output at a
reference reactive power level or to regulate the PCC voltage within a voltage
bandwidth. The latter configuration a DSTATCOM was used in all the experi-

mental tests of which results are presented in this appendix.

E.1.1 Terminal characteristics

The terminal characteristics of a STARSINE 5 kVA DSTATCOM was inves-
tigated by utilising an experimental setup of which the schematic diagram is

shown in Fig. E.2. The impedance seen at the PCC of the DSTATCOM was
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(R + jXg) = (0.25 + j0.25) Q. The voltage bandwidth of the DSTATCOM
was set to 240 + 3 V. The terminal voltage of the waveform generator, Vi, was
set to 240 V and that was stepped up and down to investigate the terminal
characteristics of the DSTATCOM. The sequence of voltage steps were, 240 V—
247 V-240 V-233 V-240 V. The experimental results obtained by varying V; as

described are shown in Fig. E.3.

Vi R X
1l @IW\, 5%\

|

% 025Q j0.25Q —PCC

Waveform

Generator K
DSTATCOM,

Figure E.2: Schematic diagram of the experimental setup used to investigate the
terminal characteristics of a STARSINE 5 kVA DSTATCOM
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Figure E.3: Terminal characteristics of a STARSINE 5 kVA DSTATCOM

Fig. E.3(a) illustrates that the terminal voltage of the DSTATCOM has been
regulated within 24043 V. According Fig. E.3, the response time of the DSTAT-

COM is sensitive to the type of voltage step applied since the response times that
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can be observed in the figure at each step change in V; are different to each other.
According to the Fig. E.3, the response time of a STARSINE 5 kVA DSTATCOM

varies between 10-60 s.

E.1.2 Operation of two STARSINE 5 kVA DSTATCOMs

An experimental setup was developed to investigate the dynamic behaviour of a
STARSINE 5 kVA DSTATCOM when another similar unit is operated close to
each other. The schematic diagram of the experimental setup is shown in Fig. E.4.
The aim was to use this experimental setup to identify any control or operational
interactions between the two DSTATCOMS. Therefore, experimental results were
obtained by varying the impedance, (R + jX) between two DSTATCOMs and

setting different combinations of voltage bandwidths in DSTATCOMs.

Vi
* R, X, R b's
I—)—wm—am AN ———T
025Q 70.25 Q —T PCCl1 1 PCC2

Waveform

Generator K K

oo G

DSTATCOM, DSTATCOM,

Figure E.4: Schematic diagram of the experimental setup used to test the oper-
ation of two STARSINE 5 kVA DSTATCOMs

Impedance between two DSTATCOMs and the set voltage bandwidth of each
DSTATCOM in all the experimental cases that were completed utilising two
STARSINE 5 kVA DSTATCOMs are listed in Table E.1. The dynamic responses
of each DSTATCOM were obtained by applying step voltage changes of V; in
each experimental case. The sequence of voltage steps applied to V5 in each ex-
perimental case were, 240 V-247 V-240 V-233 V-240 V. The terminal voltage
and reactive power variation of DSTATCOMs in each experimental case are are

shown in Fig. E.5-Fig. E.15.
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Table E.1: Description of experimental cases completed utilising two STARSINE
5 kVA DSTATCOMs

Experimental | Voltage bandwidth | Voltage bandwidth | (R + jX) (Q2)
case no of DSTATCOM; (V) | of DSTATCOM; (V)
Case 1 240+ 3 240 £ 3 nearly zero
Case 2 240 £ 3 240 £ 2 nearly zero
Case 3 240+ 3 240+ 4 nearly zero
Case 4 240+ 2 240+ 3 nearly zero
Case b 240 +£4 240 £ 3 nearly zero
Case 6 240 £+ 3 240 £+ 3 0.04 + 50.03
Case 7 240 £ 3 240 £ 2 0.04 4 70.03
Case 8 240 £+ 3 240 + 4 0.04 + 50.03
Case 9 240 + 2 240+ 3 0.04 + 70.03
Case 10 240+ 4 240+ 3 0.04 + 70.03
Case 11 240 £ 3 240+ 3 0.12 4 50.09
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Figure E.5: Experimental results — Case 1
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Figure E.6: Experimental results — Case 2
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Figure E.7: Experimental results — Case 3
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Figure E.9: Experimental results — Case 5
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Figure E.11: Experimental results — Case 7
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Figure E.12: Experimental results — Case 8
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Figure E.13: Experimental results — Case 9
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Figure E.14: Experimental results — Case 10
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Figure E.15: Experimental results — Case 11
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E.1.3 Operation of STARSINE 5 kVA DSTATCOMSs and PV sys-

tems

The operation of DSTATCOMs were tested in the presence of PV systems. The

PV systems developed in this research! were integrated with DSTATCOMs and

tested to identify dynamic interactions when these systems were operated simul-
taneously. The schematic diagram of the experimental setup used is shown in
Fig. E.16. PV systems were connected at the terminals of DSTATCOMs and
(R+ jX) = (0.03 4+ j0.02) Q. In each test performed, each PV systems was
injecting about 2.4 kW to the grid. The sequence of voltage steps applied to Vj
in all the experiments were, 245 V-251 V-245 V.

The set voltage bandwidth of DSTATCOMs and reference voltages of PCC Vj,

controllers® of PV systems of experiments carried out utilising two STARSINE

5 kVA DSTATCOMSs and two PV systems are listed in Table E.2. In the table
NIU (not in use) indicates that the voltage control function of the PV system
was not used or the DSTATCOM was not connected in that particular exper-
iment. The terminal voltage and reactive power variation of DSTATCOMs in

each experimental case are shown in Fig. E.17-Fig. E.20.

Vs
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1] 1]
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Figure E.16: Schematic diagram of the experimental setup used to test the oper-
ation of two STARSINE 5 kVA DSTATCOMs and two PV systems

'Refer to Appendix D for more information.
2Refer to Chapter 4 for more information.
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Table E.2: Description of experimental cases completed utilising STARSINE

5 kVA DSTATCOMSs and PV systems

Experiment Voltage Voltage Voltage | Voltage
case no BW of BW of ref. of | ref. of
DSTATCOM; (V) | DSTATCOM; (V) | PV; (V) | PVy (V)
Case 12 NIU NIU 252.3 253
Case 13 250+ 2.3 250+ 3 NIU NIU
Case 14 2504+ 2.3 NIU NIU 253
Case 15 NIU 250+ 3 252.3 NIU

Figure E.17: Experimental results — Case 12
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Figure E.19: Experimental results — Case 14
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Figure E.20: Experimental results — Case 15

E.1.4 Analysis of experimental results

In experiment, Case 1, it was expected that DSTATCOM; and DSTATCOM,
would share reactive power equally when controlling terminal voltages since these
systems were connected at the same node and had the same voltage bandwidth.
However, according to experimental results shown in Fig. E.5 such reactive power
sharing did not happen. This was primarily due to measurement errors of volt-
age sensors used in DSTATCOMs to measure the terminal voltage and added
impedances of connection wires in the experimental setup.

In experiments, Case 6 and Case 11 of which voltage bandwidth of DSTAT-
COMs were set to 240+ 3 V and there was impedance in between DSTATCOMs,
reactive power have been shared between DSTATCOMSs only when the voltage
was regulated at the upper limit. In these experimental cases, only one unit has

contributed to regulate voltage at the lower limit. In experiments listed in Ta-

ble E.1 excluding, Cases 1, 6 and 11, the DSTATCOM that was configured with
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the smaller voltage bandwidth has regulated the voltage at steady-state.

Experimental results obtained by operating two PV systems, that is Case 12
are shown in Fig. E.17. In this experiment, PV systems have failed to regulate
PCC voltages at the reference voltage levels. This was due to a measurement
error of voltage transducers used in PV systems to measure PCC voltage. The
measurement error of transducers was found as a negative error meaning that the
measured voltage was less than the actual voltage. This voltage measurement
error of voltage transducers of PV systems have an impact on results obtained
from Case 14 and 15.

The experimental results presented in Fig.E.18, Fig.E.19 and Fig.E.20 indi-
cate that either DSTATCOM; or DSTATCOM, has contributed to regulate the
voltage when the system has reached steady-state. In these experiments, the PV
system of which the voltage control function was enabled has only contributed
during the transient phase. This was because a DSTATCOM was used to regu-
late the voltage of the high sensitive node, PCCy in Case 13 and 15. In Case 14
only DSTATCOM; has contributed to regulate PCC; voltage because of voltage
measurement errors of voltage transducers of PV systems. PCC; and PCC, are
as marked in Fig. E.16.

In all the experiments of which results are presented in Fig. E.5-Fig. E.15
and Fig. E.17-Fig. E.20, dynamic interactions between DSTATCOMSs and be-
tween DSTATCOMs and PV systems that may impact the stable operation of
theses systems are not present. However, reactive power sharing between utilised

converter systems has not been effective in most of the experiments.
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