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ABSTRACT

As the increase of renewable energy utilization, the power electronic-enabled power
plants such as wind farms and photovoltaic plants are becoming promising
architectures to integrate renewable energy sources. However, the new emerging
power electronic-fed power plants also give rise to potential challenges. Stability
issue is matter of concern. The low frequency oscillation phenomenon may be
caused by droop-based power controllers, constant power loads, and grid
synchronization loop of grid-connected inverters. In addition, the interaction of the
wideband control system of power converters with passive components maybe
brings about in harmonic-frequency oscillation phenomena. These phenomena are
challenging the system stability and power quality. Hence, it is essential to develop
the modeling and analytical technique for the stability assessment of power
electronic-fed power systems.

The aim of this project is to develop the stability assessment methods and reveal the
oscillation mechanism of inverter-fed islanded power system as well as paralleled
grid-connected inverters system. The main contents of this thesis are organized as
following. Chapterl introduces the motivation and background of this project. Also,
the problem statements and structure of the thesis are described. Chapter 2 presents a
state-space-based harmonic instability assessment method for inverter-fed power
system, where the effect of time delay is considered in details. Furthermore, the
participation analysis is developed to evaluate and identify the contributions of
different components on harmonic-frequency oscillation modes. Chapter 3 develops
a component connection method-based stability analytical approach to assess low
frequency oscillation and high-frequency resonance of inverter-fed power systems.
Chapter 4 develops a state-space-based impedance stability analytical method for
paralleled grid-connected inverters system, where the resonance mechanism of
paralleled inverters with grid-current feedback and converter-current feedback is
investigated. In addition, a frequency scanning-based impedance analysis for
stability assessment of grid-connected inverters system is presented, which can be
easily performed for stability assessment without using the detailed mathematical
model. Main conclusions of this project are drawn and future research topics are
explained in Chapter 5.

The main contributions and conclusions are summarized as following. (1) The
influence of time delay of digital controller on harmonic instability is considered in
proposed stability analysis. (2) Participation analysis is adopted to assess and
identify the contributions of different components on harmonic-frequency oscillation
phenomenon. (3) The component connection method (CCM)-based small signal
model of voltage-source inverters with multiple control loops is proposed, where the



frequency response and eigenvalue analysis explain the contributions of different
control parameters on terminal characteristic in a wide frequency range. (4) A state-
space-based impedance stability analysis for multiple paralleled grid-connected
inverters system is presented, which establishes the bridge between the state-space-
based modelling and impedance stability criterion, and combines the advanced
merits of the two methods. Finally, the application of these stability analysis
methods in different situations is demonstrated.



DANSK RESUME

I takt med at udnyttelsen af vedvarende energi forgges, bliver elektriske kraftveerker
sasom vindmglle- og solcelleparker mere attraktive at konstruere, som
energiressource. Udviklingen indenfor den vedvarende energi skaber ogsa visse
udfordringer. Stabilitetsudfordringer i energisystemerne skaber blandt andet
problemstillinger. Fenomener som lavfrekvente udsving kan skyldes reduceret
energistyring, konstant energi belastninger og netveerkssynkronisering loops
forarsaget af vekselrettere i netvaerket. Interaktionen af de kontrolsystemer styret af
radiobglger brugt til energi omformere med passive komponenter, vil muligvis
resultere i harmonisk frekvensudsvingsfenomen. Disse faenomener skaber
udfordringer for systemets stabilitet og energikvalitet. Af den grund er det afgarende
at udvikle modellerings- og analyseteknikker for at wvurdere stabiliteten af
elektricitetsforsynende energisystemer.

Malet med dette projekt er at udvikle stabilitetsvurderingsmetoder og afklare
udsvingsmekanismerne i isolerede energisystemer forsynet med vekselrettere savel
som paralleliserede vekselrettere i hgjspandingsnettet. Det hovedsaglige indhold af
rapporten er struktureret pa folgende made: Det farste kapitel introducere
motivationen og baggrunden for projektet, desuden bliver problemformuleringen og
strukturen af rapporten beskrevet. Andet kapitel prasenterer en tilstandsbaseret
harmonisk ustabilitetsvurderingsmetode for energisystemer forsynet af vekselrettere,
hvor indflydelsen af forsinkelse i tid er taget i betragtning. Derudover er en
indflydelsesanalyse udarbejdet til at evaluere og identificere bidragene fra
forskellige komponenter i harmoniske frekvenssvingninger. Kapitel tre skaber en
komponentforbindelsesmetode baseret pa analytisk stabilitetstilgang, til at vurdere
lavfrekvente svingninger og hgjfrekvent resonans af energisystemer forsynet af
vekselrettere. | fjerde kapitel udvikles en tilstandsbaseret impedans, udarbejdet med
stabilitetsanalysemetode  for  paralleliserede  forbundne  vekselrettere  pa
hgjspendingsnettet, hvor resonansmekanismen af paralleliserede vekselrettere med
stramfeedback bliver undersggt. Yderligere praesenteres en frekvensskanning baseret
pa impedansanalyse for stabilitets vurdering af vekselrettere pa hgjspandingsnettet,
som ubesvaret kan fungere som en stabilitetsvurdering, uden brugen af detaljerede
matematiske modeller. Hovedkonklusionen af dette projekt bliver udredt, og
fremtidige forskningsemner bliver beskrevet i kapitel fem.

De hovedsaglige bidrag og konklusioner er opsummeret som fglgende:(1)
Indflydelsen af forsinkelse i tid i den digitale fjernbetjening pa harmonisk ustabilitet
er taget i betragtning i stabilitetsanalysen.(2) Deltagelsesanalysen tages i brug for at
vurdere og identificere bidrag fra forskellige komponenter i harmonisk
frekvenssvingningsfeenomen.(3) Den CCM-baserede lav signal model af
spendingskildens  vekselrettere med flere kontrol loops foreslas, hvor
frekvensrespons og egenvardianalyse forklarer bidrag fra forskellige kontrol



parametre pa terminalkarakteristik i et bredt frekvensformat.(4) En tilstandsbaseret
impedansstabilitetsanalyse for flere paralleliserede vekselretter systemer i
hgjspandingsnettet bliver prasenteret, hvilket skaber en sammenkobling mellem
tilstandsbaseret modellering og impedansstabilitetskriterium, og kombinerer de
teknologiske fremskridt i de to verdener. Endeligt bliver applikationsmulighederne
for disse stabilitetsanalysemetoder i forskellige situationer demonstreret.
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ADN  Active Distribution Network
CPL  Constant Power Load

DG Distributed Generation

DQ Direct Quadrature

HVDC High Voltage Direct Current
MMC  Multi-level Modular Converter
PCC  Point of Common Coupling

Pl Proportional Integral

PV Photovoltaic

PWM  Pulse Width Modulation

PM Phase Margin
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LIST OF ACRONYMS

Proportional gain of Pl VVoltage Controller

Integral gain of Pl VVoltage Controller

Proportional gain of Pl Current Controller

Integral gain of PI Current Controller

Inverter-side Filter Inductor

Grid-side Filter Inductor

Filter Capacitor

Output current of three phase inverter

Command current of three phase inverter
Converter-side current of i-th inverter in dg-frame
Output voltage of i-th inverter

Output current of i-th inverter

Output voltage of i-th inverter in dg-frame

Output current of i-th inverter in dg-frame

Output voltage demand of i-th inverter in dg-frame
Output current demand of i-th inverter in dg-frame

Reference voltage of modulator



vi  Output voltage of inverter

@4 State variable of voltage controller of i-th inverter in dg-frame
vaqi  State variable of current controller of i-th inverter in dg-frame
T Delay time of control system

vpi  Voltage at i-th bus

Vopoi  Voltage at i-th bus in DQ-frame

Rioagi The resistance value of i-th load

Lioasi The inductance value of i-th load

Riinei The resistance value of i-th line

Liinei The inductance value of i-th line

iLoagi The i-th load current

iLinei The i-th line current

Ts  Sampling period of digital control system

fs  Sampling frequency of digital control system

pi  Instantaneous active power

gi  Instantaneous reactive power
P;  Average active power
Qi Average reactive power

w. Cut-off frequency of low-pass filter



mpi  Active power droop coefficient of i-th DG unit
ng  Reactive power droop coefficient of i-th DG unit

w;  Angle frequency of output voltage of i-th inverter
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=18e-3). (a) Output current of inverterl. (b) Output current of inverter2. (c) Output power of
inverterl. (c) Output power of inverter2 [34].

Fig. 3-19. Harmonic-frequency eigenvalue trace with the increase of proportional coefficient
of voltage controller (Kpv) from 0 to 0.06 [34].

Fig. 3-20 Harmonic-frequency eigenvalue trace when the proportional coefficient of current
controller (K,) is increased from 2 to 12 [34].

Fig. 3-21. The influence of virtual resistor on system stability when rn is increased from 600
Q10 1000 Q [34].



Fig. 3-22. Comparison explanation of the proposed model and the previous model. (a)
Stability analysis for overall model with considering time delay. (b) Stability analysis for
overall model without considering time delay [34].

Fig. 3-23. Simulation results of unstable case (K, = 0.056, K,; = 8) [34]. (a) Output current
of inverterl. (b) Output current of inverter2. (c) Busl voltage (phase-to-phase). (d) Bus2
voltage (phase-to-phase).

Fig. 3-24. Simulated results of stable case (K,, =0.04, K, =8) [34]. (a) Output current of
inverterl. (b) Output current of inverter2. (c) Busl voltage. (d) Bus2 voltage.

Fig. 3-25. Simulated results of unstable case if the coefficients of current controller (Kpi) are
located into unstable region (Kpv=0.04, Kpc=12) [34]. (a) Output current of inverterl. (b)
Output current of inverter2. (c) Busl voltage. (d) Bus2 voltage.

Fig. 3-26. Experimental results of unstable case (K,,=0.053, K,=8) [34]. (a) Output current
of DG1. (b) Output current of DG2. (c) Busl voltage. (d) Bus2 voltage.

Fig. 3-27. Experimental results of stable case (K,,=0.04, K,:=8) [34]. (a) Output current of
DGL1. (b) Output current of DG2. (c) Bus1 voltage. (d) Bus2 voltage.

Fig. 3-28 Experimental results of unstable case (K,,=0.04, K,;=12) [34]. (a) Output current
of DG1. (b) Output current of DG2. (c) Busl voltage. (d) Bus2 voltage.

Fig. 4-1. The diagram of a three phase grid-connected inverter with grid-current feedback or
converter-current feedback [111].

Fig. 4-2. The equivalent circuit of impedance-based method. (a) Equivalent circuit of grid-
connected inverter with grid-current feedback. (b) Equivalent circuit of grid-connected
inverter with converter-current feedback [111].

Fig .4-3. The diagram of multiple paralleled grid-connected inverters with grid-current
control [111].

Fig. 4-4 The equivalent circuit of paralleled grid-connected inverters looking from ith
inverter [111].

Fig. 4-5 The frequency response of closed-loop output impedance and grid impedance for
grid-current feedback. (Li=3mH, Ci= 5uF, L;=1.6mH, Zy/Zp,/Z3=0.2mH, 1mH, 2.5mH)
[111].

Fig. 4-6 The frequency response of closed-loop output impedance and grid impedance for
converter-current control. (L=3mH, C;= 9uF, L;=2mH, Z4,/Z/Z;3=1.5mH, 0.9mH, 0.4mH)
[111].

Fig. 4-7. The stability assessment for paralleled grid-connected inverters with grid-current
feedback. (Ly=0.5mH) [111].



Fig. 4-8. The eigenvalue trace of grid-connected inverters. (a) The eigenvalue trace of
individual grid-connected inverter. (b) The eigenvalue trace as the increase of paralleled
inverter number from 2 to 5 [111].

Fig. 4-9. The frequency response of paralleled grid-connected inverters (Case | and Case II)
[111].

Fig. 4-10. The high-frequency oscillation mode (1,,) of grid-connected inverters. (a) The
eigenvalues of inverter 1 and inverter 2. (b) The eigenvalues of inverter 3 and inverter 4. (c)
The eigenvalues of paralleled grid-connected inverter from 2 inverters to 4 inverters [111].
Fig. 4-11. The frequency response of equivalent grid impedance of paralleled grid-connected
inverters. (L=3mH, C;=10uF, L;=1mH, Z,=0.5mH) [111].

Fig. 4-12. The high-frequency oscillation mode of system. (a)The eigenvalues of individual
inverter (Aini). (b)The eigenvalues trace of paralleled inverters as the increase of inverter
number from 2 to 4.

Fig. 4-13. The high-frequency oscillation mode of system. (a) The eigenvalue trace of inverter
1 (Ainy)- (b) The eigenvalues of other inverters. (c) The eigenvalues trace of paralleled
inverters as the increase of inverter number from 2 to 4 [111].

Fig. 4-14. Frequency scanning for single grid-connected inverter with grid-current feedback.
(@) The diagram of current injection. (b) Frequency-scanning-based stability analysis
(Zya/Z4p/Z45=0.1mH, 1mH, 2mH) [112].

Fig. 4-15. Frequency scanning-based impedance analysis for the converter-current feedback
(Li=3mH, C=9uF, L;=2mH, Z1/Z 5,/ Z;3=1.5mH, 0.9mH, 0.4mH) [112].

Fig. 4-16. Frequency scanning results for multiple paralleled grid-connected inverters with
grid-current feedback (Z,, Zy;). (a) The diagram of current injection. (b) Frequency-
scanning-based stability analysis (Li=3mH, C=5uF, L.=2mH, Z,=0.6mH) [112].

Fig. 4-17. The unstable case of single grid-connected inverter with grid-current feedback
(Li=3mH, C;=5uF, L;=2mH, Lg=1mH) [112]. (a) The output current of inverter. (b) PCC
voltage.

Fig. 4-18. The stable case of single grid-connected inverter with grid-current feedback
(Ly=3mH, C=5uF, L;=2mH, L,=0.4mH) [112]. (a) The output current of inverter. (b) PCC
voltage.

Fig. 4-19. The unstable case of grid-connected inverter with converter-current feedback
(Ly=3mH, Ci=9uF, L;=1mH L,=1.6mH) [112]. (a) The output current of inverter. (b) PCC
voltage.
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Fig. 4-20. The stable case of grid-connected inverter with converter-current feedback
(Li=3mH, C;=9uF, L;=1mH, Lg=2mH) [112]. (a) The output current of inverter. (b) PCC
voltage.

Fig. 4-21. The simulation results of paralleled grid-connected inverter with grid-current
feedback. (a) The output current of inverter 1. (b) The output current of inverter 2.

Fig. 4-22. The stable case of paralleled grid-connected inverters with same LCL filters (Case
1) [112]. (a) The output current of inverter 1. (b) The output current of inverter 2. (c) The
output current of inverter 3. (d) The output current of inverter 4.

Fig. 4-23. The unstable case of paralleled grid-connected inverters with LCL filters (Case I11)
[112]. (a) The output current of inverter 1. (b) The output current of inverter 2. (c) The output
current of inverter 3. (d) The output current of inverter 4.

Fig. 4-24. The stable case of paralleled grid-connected inverters with converter-current
feedback [112]. (a) The output current of inverter 1. (b) The output voltage of inverter 2. (c)
The output voltage of inverter 3.

Fig. 4-25. The unstable case of paralleled grid-connected inverters with converter-current
feedback [112]. (a) The output current of inverter 1. (b) The output current of inverter 2. (c)
The output current of inverter 3. (d) The output current of inverter 4.

Fig. 4-26. The experimental setup. (a) System configuration. (b) Photo of experimental setup
[112].

Fig. 4-27. The experimental results in unstable case for single grid-connected inverter with
grid-current feedback (L;=3mH, C=5uF, L;=2mH, L;=0.8mH) [112]. (a) The output current
of inverter. (b) PCC voltage.

Fig. 4-28. The experimental results in stable case for single grid-connected inverter (Li(=3mH,
Ci=5uUF, L;=2mH, L,=0.3mH) [112]. (a) The output current of inverter. (b) PCC voltage.

Fig. 4-29. The resonance phenomenon of paralleled grid-connected inverters. (a) The A
phase output current of single inverter. (b) The A phase output current of two inverters. (c)
The A phase output current of three inverters.

Fig. 4-30. The experimental results of paralleled inverters with same LC filters.
(Lir/Lip/Liz=3mH/3mH/3mH, C1/Cro/ Cs=5UF/5UF/5UF, Lo/ Leo/Lz=2.6mH/2.6mH/2.6mH). (a)
The A-phase output currents (5A/div) of inverters when inverter2 is connected to grid. (b) The
A-phase output currents (5A/div) of inverters when inverter 3 is connected to grid.

Fig. 4-31. The experimental results of paralleled inverters with different LCL filters.
(Li2/Lio/Liz=3mH/3mH/3mH, Cy/Cso/Cis=5uF/10uF/10uF, Lgy/Lo/L3=0.3mH/0.3mH/0.3mH)
[112]. (@) The A-phase current of inverter 1 independent operation. (b) The A-phase current

of inverter 2 independent operation. (c) The A-phase current of inverter 3 independent
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operation. (d) The A-Phase output currents (10A/div) of inverters when inverter 2 is
connected to grid. (e) The A-Phase output currents (10A/div) of inverters when inverter 3 is
connected to grid.

Fig. 4-32. The experimental results of paralleled inverters with converter-current feedback.
(Ls1/Lsp/Liz=3mH/3mH/3mH, Cs1/C,/Cts=5uF/10uF/10uF, Lgy/Le/L3=2.6mH/2.6mH/2.6mH)
[112]. (a) The A-phase current of inverters in stable case. (b) The A-phase current of 3

inverters if the 3th inverter operation with underdamping.
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CHAPTER 1. INTRODUCTION

This chapter primarily introduces the background and motivation of the Ph. D
project, and state-of-art of the power electronics-fed power system is reviewed.
Then, the objectives and contributions of this project are explained. Finally, the
research layout and relationship among chapters are illustrated.

1.1 Background and motivation

With the increasing demand of electricity consumption and low-carbon economy,
the renewable and clean energies such as wind energy, photovoltaic energy are being
widely exploited to generate electricity energy. The exploration of renewable energy
sources is critical element for human being substantial development. Renewable
energy source is clean and inexhaustible energy that is able to minimize
environmental pollution, and improve the reliability and flexibility of modern
energy system. Because of government policies and incentives for non-fossil energy
sources, renewable energy has become the fastest-growing energy source at an
average rate of 2.6% per year throughout the world [1]. Nowadays, some
magnificent goals have been planned throughout the world [1]-[2]. For example, the
EUROPE 2020 [1] has been presented, which indicates the greenhouse gas
emissions in 2020 will be 20% lower than that in 2012. Note that the 20% of
electricity energy will be generated by renewable energy such as wind energy and
photovoltaic energy. Fig. 1-1 shows the development trend of energies demand in
future decades. It can be seen that the potential demand of renewable energies will
be dramatically increased. Undoubtedly, the renewable energy power generation will
play a critical role in modern power system.
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Fig.1-1 The development trend of renewable energies demand in future decades.
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1.1.1 Renewable energy and its application

Renewable energy is a new emerging energy type that is extracted from natural
resources such as wind energy, sunlight, hydro, hydrogen, biofuel, geothermal
energy and so on. Renewable energy resources exist inherently in wide geographical
areas. Rapid deployment of renewable energy promotes energy efficiency and
economic benefits. As main types of renewable energy source, wind power, hydro
power and photovoltaic power generation have been intensively studied and
exploited throughout the world.

Wind power generation is main type of renewable energy source application. Wind
power is generated by wind energy between wind turbines to power generators for
power generation, and the power generators are connected into grid by power
converters [3]. Wind energy production throughout the world is growing rapidly,
and global wind power capacity expanded 16% to 369553 MW [4] in 2014. The
large-scale exploration is being performed in many countries. It is reported from
Navigant research that China is ranked a booming market for wind capacity growth
and has the highest wind power generation capacity so far. The installed capacity in
China will expand from 149 GW in 2015 to rough 495 GW by 2030 [4].

Hydro power also contributes to the renewable energy generation significantly.
Hydro power is usually from the potential energy of dammed water driving a water
turbine and generator. Hydropower has a good ability to increase the flexibility and
stability of the electrical grid, and support the integration of intermittent renewable
resources like wind energy and solar energy. Hydropower has been widely utilized
in 150 countries. In 2015, hydropower contributes to 16.6% of the total electricity
consumption and 70% of all renewable electricity throughout the world, and the
hydropower was expected to increase about 3.1% each year for the following 25
years [5].

Photovoltaics power generation also plays an important role in renewable energy
generation, where the conversion of sunlight into electricity is implemented by using
photovoltaic panel. PV generation as an environment-friendly solution has been
intensively addressed. Photovoltaics generation is growing rapidly and worldwide
installed capacity reached at least 177 GW by the end of 2014 [6]. It is reported that
the total power output of the world’s PV capacity is beyond 200 TWh of electricity.
After hydro and wind power, the photovoltaic generation has become the third most
important renewable energy source.

Apart from renewable energy-based power generation, renewable energies also have
been exploited in other fields [7]-[9] such as transportation and heating/cooling
supply. For example, a hydrogen fuel cell-driven electric locomotive has been used
in railway transportation [7], where the hydrogen energy is utilized as tractive force
and no any carbon emission is generated. Also, heat pump has been adopted as an



energy-efficient way to provide heating and cooling [8], which collected renewable
heat source in our surroundings. It extracts heat from a source and concentrates it to
obtain a high temperature and applies to water for domestic heating.

1.1.2 Power electronics-based power system

Compared with the conventional fossil fuel-dominated power plant, the renewable
energy-dominated power plant such as wind farm and PV plant has become a
promising way to provide electricity energy. Different with the conventional
synchronous generator in power system, the power electronic devices tend to
dominate the renewable energy-based power plant. Power converters, as an efficient
interface between the energy sources and power system, are playing an important
role in power conversion and power generation. For example, in wind power
generation system, the AC-DC and DC-AC power converter establishes the bridge
between the wind generator and power grid. In photovoltaic generation system, the
DC-DC and DC-AC power converters are adopted to convert the photovoltaic
energy into power grid. A general diagram of power electronic-fed distributed
generator is shown as Fig. 1-2.
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Fig.1-2 The block diagram of power electronic-fed distributed generator.

As the increasing exploitation of renewable energies, the power electronic-enabled
power systems [10]-[16] such as microgrid, virtual power plants and so on have
become promising architectures for future active distribution networks. These
emerging power system structures are able to combine various renewable energies
and improve the efficiency of electricity services [16]. Fig. 1-3 shows a diagram of
power electronic-fed power system, which consists of wind generator, photovoltaic
panel, power converter, LC filters and local loads.

However, the emerging power electronic-fed power plants also pose potential
challenges. Stability issue is one of main challenges. Instability phenomenon of
power electronics-fed power system in different frequency range have been
intensively reported in renewable energy systems [17]-[28], which are challenging
the system stability and power quality. Hence, it is essential to explore the modeling



and analytical techniques for dealing with the stability issues in power electronic-fed
power systems.
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Fig. 1-3 The diagram of power electronic-enabled power system.

Therefore, the main objective of this project is to develop the stability assessment
methods of inverter-fed power system, and reveal the root causes of oscillation
phenomenon in different frequency range.

1.2 Stability concept and issues
1.2.1 Stability definition and issues in power system

Power system stability [29]-[31] is defined as the ability of system given an initial
operating condition to regain a state of operating equilibrium after being subjected to
a disturbance. Power system stability can be classified as rotor angle stability,
frequency stability and voltage stability according to physical nature of the root
cause of instability. Fig. 1-4 shows the basic classification of power system stability.

Rotor angle stability [29] means the ability of synchronous generators of an
interconnected power system to remain in synchronism after being subjected to a
disturbance. Rotor angle stability can be divided into small-disturbance stability and
transient stability. Small-disturbance stability refers to the ability of power system to
maintain synchronism under sufficient small disturbances. Transient stability [29] is
commonly concerned with the ability of the power system to maintain synchronism



after severe disturbances. Voltage stability means the ability of power system to
maintain steady voltages at all buses after suffering a disturbance from a given
initial operating condition [29], which mainly depends on the ability to maintain
equilibrium state between load demand and load supply. In addition, the frequency
stability means the system ability to maintain steady-state frequency when suffering
a serious system disturbance, which tends to cause power imbalance between
generation and load [29]. Unfortunately, the sustained frequency fluctuations may
lead to absent of generators or loads.

Power System
Stability

Rotor Angle Frequency -
Stability Stability Voltage Stability
Small- Dlsmrbance Transient Small- Dlsturbance Large-Disturbance
Angle Stablhty Stability Voltage Stability Voltage Stability
Short Term Short Term Long Term Short Term Lnng Term

Fig.1-4 The classification of power system stability [30].
1.2.2 Stability issues of power electronic-fed power system

With the development of renewable energy sources, the power electronic-fed power
plant or power system is becoming attractive structures to integrate various
renewable energies. However, some emerging stability issues have been reported.
Fig. 1-3 shows the diagram of an inverter-fed power system, which is composed of
renewable energy sources, power inverters, LC filters, and local loads. Each energy
source may be controlled by a local controller.

In such inverter-interfaced power systems, instability phenomena in different
frequency range have been frequently reported [32]. Fig. 1-5 shows the diagram of
multiple control loops in an islanded inverter-fed power system, which consists of
paralleled inverters, local controller and local loads. The active and reactive power
can be automatically distributed among paralleled inverters by droop-fed power
controller. However, the low-frequency oscillation phenomenon may be triggered
by droop-fed power controller [32]-[35] in independent power systems, or constant
power control of active loads [36]-[37]. Fig. 1-6(a) shows the diagram of grid-
connected inverter system, which consists of current controller, DC link voltage
controller, and PLL. Compared with the control system of traditional synchronous



generator, the grid-connected inverter system tend to have higher bandwidth in
multiple control loops as shown in Fig. 1-6(b). However, the low-frequency
oscillation may be caused by grid synchronization control loops of grid-connected
inverters [38]-[40]. In addition, the interaction of the inner current or voltage loops
with passive components may bring harmonic-frequency instability phenomena
[41]-[47]. Undoubtedly, these oscillation phenomena will cause the power quality
and stability issues in whole power system.
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Fig. 1-5 The system diagram of islanded inverter-fed power system [34]

The harmonic resonance issue in the grid-connected inverter system also has been
reported in [48]-[53]. The resonance mechanism of individual grid-connected
inverter with LCL filter is revealed in [48], where the stable region and unstable
region are identified and studied considering the effects of digital computation delay
and PWM delay. Also, the stability assessment of grid-connected inverter with grid-
current feedback and converter-current feedback is conducted considering the effect
of time delay in [44], where a delay compensation method is also proposed to extend



the stable region of the grid-current feedback control. The inherent resonance
performance of LCL-filter for grid-connected voltage source inverter is explored in
[50]. And the different current control modes (grid-current feedback and converter-
current feedback) are investigated, which shows the converter-current feedback is
able to implement a more stable closed-loop control system due to the damping
characteristic of LCL-filters [50].
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Fig. 1-6 The dynamic interactions of distributed generator with the grid.

Different from individual grid-connected inverter, the oscillation mechanism of
multiple paralleled grid-connected inverters is complicated [54]. The dynamic
interactions and coupling of paralleled inverters maybe trigger system resonance
behavior and result in the system instability due to coupled grid impedance [54]-
[60]. Resonance phenomenon in PV plant has been addressed in [58], where an
equivalent model of paralleled grid-connected inverters system is established and the
coupling effect is studied. The resonance problem caused by the interactions of
multi-paralleled inverters with LCL-filters is addressed in [59], which shows an
interactive resonant current circulating among the paralleled inverters may happen in



weak grid. A state-space-based harmonic stability analysis of paralleled grid-
connected inverters system is addressed in [60], where the eigenvalue trajectories
associated with time delay and coupled grid impedance are obtained. The analysis
accounts for how the unstable inverter triggers the harmonic resonance and results in
the oscillation of whole paralleled system.

1.2.3 Modeling and stability analytical techniques of inverter-fed power
system

To handle the low-frequency oscillation and high-frequency instability issue, some
modeling and analytical techniques have been widely proposed.

The eigenvalue analysis is an effective approach to investigate small signal stability
in power system. For given equilibrium points, the system may be linearized around
the operating points and a linearized state-space model may be formulated. The
small signal stability then can be predicted by computing and analyzing eigenvalues
of state matrix [61]-[66]. These methods are able to identify oscillation modes and
mode shape to reveal system damping characteristic. Furthermore, the contribution
of each component on system oscillation modes may be investigated by means of
the participation analysis, where the participation factors indicate the relative
participations of the respective state in the corresponding modes [61]. In addition,
the full-order state-space model can be simplified as a reduced-order model by
removing certain irrelevant states to specific oscillation modes. The eigenvalue-
based small signal stability analysis for inverter-fed power systems has initially been
presented in [35], which merely focuses on the low-frequency oscillations
performance caused by droop control loop. A more comprehensive approach to
modeling the inverter-fed power system has been established in [21], where the
state-space model of individual inverter is first built, and then all other inverters and
network components are modeled on the common frame. Finally, the oscillation
modes associated with the different control loops are identified. To further study the
microgrid dynamics with active loads, a full-order state-space model including
active rectifiers is presented in [36], where the participation analysis is performed
for analyzing the significant interactions between the inverters and active load. In
[16], a more accurate state-space model with the influence of PLL for the inverter-
fed islanded microgrid is developed. However, the aforementioned works mainly
focus on the low-frequency oscillations due to the interactions of power controllers
and PLL within the DG units and active loads. In addition, recent studies [67]-[71]
show that the time delay maybe has a critical effect on harmonic-frequency
oscillations, which are commonly ignored in these previous works.

Note that the harmonic state-space modeling method is also presented to reveal the
frequency-coupling and phase dependent characteristic of nonlinear and time-
varying systems in recent studies [72]-[76]. In fact, the effect of switching dynamics
tend to be neglected by using the state-space averaging model if the switching



frequency is much higher than the bandwidth of the inner current and voltage
control loops [72].

The impedance-based approaches also have been developed as a promising method
to reveal the instability mechanism in [77]-[84]. The impedance-based stability
criterion was originally introduced in [65], which is able to predict the system
stability at local points based on the ratio of the output impedance of inverter and the
equivalent system impedance seen from the inverter. The contribution of each DG
inverter on system stability can be assessed in the frequency domain. An impedance-
based approach is developed for an inverter-fed power system that includes multiple
current- and voltage-controlled inverters with LCL- and LC-filters [80]. In addition,
the passivity-based stability analysis methods for grid-connected inverters are
developed in [85]-[89], which are able to assess resonance destabilization by
negative-conductance behavior identification. These studies show that the time delay
and current controller dynamics bring about a negative conductance and contribute
to resonance destabilization.

However, the aforementioned linearized model-based methods tend to require the
detailed representation of electrical system and control system.

It should be noted that frequency-scanning-based resonance assessment criterions
have been earlier studied and used in [90]-[94]. The frequency scanning-based
impedance analysis is originally presented to explain sub-synchronous oscillation
phenomena in power system. The small signal disturbance is injected into grid-
connected inverter system in particular frequency range, and the impedance is
computed according to harmonic voltage response by Fourier analysis, then the
stability is predicted on the basis of impedance stability criterion [94].

Although these aforementioned modeling and analytical approaches have been
developed in previous works, there still exist some drawbacks and remaining
problems. For instance, (1) The influences from time delay of digital control system
on instability phenomenon tend to be overlooked. (2) The existing methods fail to
identify the contributions of different components on harmonic instability. (3) The
resonance mechanism of multiple paralleled grid-connected inverters system is not
investigated completely. (4) In large-scale inverter-fed power system, the
formulation of small signal model is commonly complicated, which is not easy to
perform stability assessment in industry application.

Therefore, the objective of this project is to address aforementioned problems, and
to develop effective modelling and analysis tools for stability assessment in power-
electronics-fed power system.



1.3 Project Objectives

In this project, the low-frequency and high-frequency instability phenomenon in
islanded inverter-fed power system is investigated. Furthermore, the resonance
phenomenon of multiple paralleled grid-connected inverters system is analyzed. The
contributions of this work can be described as following.

(1) A state-space-based method is presented to address high-frequency instability of
inverter-fed power system, where the participation analysis is adopted to
evaluate and identify the contributions of different component on harmonic-
frequency oscillation. On the basis of participation analysis, a reduced-order
model applied in harmonic instability assessment is developed.

(2) The time delay of digital control system is incorporated into state-space model
by using Pade approximation, and the influence of time delay on the harmonic
instability is revealed.

(3) A computationally-efficient approach to assess low-frequency oscillation and
high-frequency resonance of inverter-fed power system is presented.

(4) A state-space-based impedance stability analysis method for grid-connected
inverters system is presented. The proposed approach establishes the bridge
between the state-space-based modelling and impedance-based stability
criterion, which combines the advanced merits of the two worlds.

(5) A frequency scanning-based impedance analysis for stability assessment of
grid-connected inverters system, which mitigates the requirement of small
signal models applied in stability analysis and inherit the superior feature of
impedance stability criterion with consideration of the inverter nonlinearities.
The frequency scanning-based impedance stability criterion can be easily
performed for stability assessment without using the detailed mathematical
model.

1.4 Thesis outline

This thesis is composed of five sections. The chapterl first introduces the
background of this project and the problem statements, where the existing modelling
and analytical approaches for inverter-fed power system are reviewed. Then, thesis
structure and relationship between chapters is clarified. The chapter 2 presents a
state-space-based modeling and analysis of inverter-fed power system. The chapter
3 developed a CCM-based (Component Connection Method) modelling and
analytical method of inverter-fed power system. The chapter 4 presents the
instability assessment methods of grid-connected inverter systems. The chapter 5
draws main conclusions in this project. Fig. 1-7 shows the thesis structure and
interconnection relationship between chapters.
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CHAPTER 2. HARMONIC-FREQUENCY
STABILITY ASSESSMENT OF
INVERTER-FED POWER SYSTEM

This chapter concentrates on the harmonic instability investigation of inverter-
interfaced power system. A state-space model of the system is first built. And the
eigenvalue-based stability assessment approach is presented. Moreover,
participation analysis is performed to identify the contributions of different
components on harmonic-frequency oscillation modes.

2.1. Modeling of inverter-interfaced power system

This section describes the circuit topology of the inverter-interfaced power system in
this study. The small-signal model of individual inverter with consideration of time
delay influences of digital control system. Also, a linearized small signal model of
network and loads is built. Finally, the whole small signal model of the system is
founded [72].

2.1.1 System configuration

Fig. 2-1 shows the single line diagram of the three-phase power system. It can be
seen that two inverters are paralleled to form an independent power system. As
illustrated in Fig. 2-2, individual inverter is enabled by local control system,
containing voltage, current and power control loop. The control objectives of
voltage and current loop are to track reference voltage and output current. And the
control objective of power controller is to distribute the active and reactive power
among inverters. In this independent power system, droop scheme is employed to
distribute the active and reactive power without using communication links in the
presence of load disturbances [21]. In the proposed model, the switching-frequency
harmonics are neglected since the switching frequency of inverters (10 kHz) is much
higher than fundamental frequency.
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Fig. 2-1. System diagram of an inverter-interfaced power system [72].

2.1.2 Small signal modeling of individual inverter

The previous linearized models of voltage-source converters have been presented
and the stability assessment has been performed in [21], which primarily
concentrates on inner control loop, as well as the droop-driven power control loop.
However, the dynamics of control loop and the time delay of digital control system
maybe give rise to key effects on high-frequency oscillation performance. But the
effects of delay plant are always overlooked in previous models. Thus, the main
work of this section is to develop a state-space model with consideration of delay
influence [72].

The system diagram of single inverter is depicted in Fig. 2-2, containing control
system, time delay, filter and output inductance. In this modeling procedure, the
local dg-frame of inverterl is defined as common frame, and the dynamics of all
other inverters, network and loads are converted into the common frame [21].

(1) Voltage and Current Control Loop
The structure diagram of inner voltage and current controller is demonstrated in
Fig.2-2. The dynamic equations of voltage controller is given as (2-1)-(2-3) [72].

Pai = Vo —Vour? Pyi :V;qi —Vogi (2-1)
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il*di = a)aniVoqi + vai (V:di —Voai) + Kii @4 (2-2)
i;i =—@,C Vo4 + vai (V;qi _Voqi) + Kivi(pqi (2-3)

Then, small signal dynamics of voltage control loop is obtained by linearizing (2-1)-
(2-3) as (2-4) and (2-5) [72].

A(.pdqi = [O][A(pdqi]+ Bvl[Av;dqi]+ sz [Aildqi’ AVodqi' Aiodqi]T (2-4)

AiI’:jqi = CV [Agodqi]+ DVl[AV;dqi]+ Q/Z[Aildqi’ Avodqi' Aiodqi]T (2-5)

Where B 10 , _ 0,0,71,0,0,0 , _ Kivi 0 , B vai 0
B {o 1} sz{0,0,0,1,0,0 “=l Ki Bz g K pa
0,0—K,,;,®,C;,0,0

2710,0,~»,Cy,—K,,;,0,0

pvi?

The mathematical representation of current loop is written as (2-6)-(2-8) according
to Fig. 2-2 [72].

Vai = i|*di — i Vai = iI;i _ilqi (2-6)
V;;i = a)aniini + Kpci(ilt:li =)+ Kig Zai (2-7)
V;i =—o, Ly + Kpci (i|*qi _ilqi) + Kici?’qi (2-8)

Then, the linearized representation of current controller is derived by linearizing (2-
6)-(2-8) as (2-9) and (2-10) [72].

A7/dqi = [0][A7dqi]+ BCI[AiI:iqi]+ BCZ[Aiqui’ Avodqi' Aiodqi]T (2-9)
Av;;jqi = CC [A}/dqi]+ D61[Ai;jqi]+ D(:Z[Aildqi'AVodqi'Aiodqi]T (2-10)
B = 10 , B. = _1101010,010 , C.= Kici O , D.. = Kpci 0 y
7o 1 ©*10-100,00 L0 Ky L0 Ky
5 ~ K @,L4,0,0,0,0
27| —@,L;,~K,4,0000

(2) Time Delay Model of Digital Control Loop

The digital control loop delay can be shown as (2-11) [72].
v, =67V, (i=1, 2) (2-11)

where Tj is the sampling period of control system, and 7 =1.5T; is delay time caused
by digital computation delay (Ts) and the PWM delay (0.5T;) [95]-[96]. In order to
perform oscillation mode analysis and explain the coupling relationship among the
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different states, the delay plant (2-11) is represented by Pade approximation, which
is an effective method to investigate nonlinear plant characteristic. In this work, the
third-order Pade approximation is performed. The exponential term can be given as
(2-12) [97]-[99].

s _120—60(z5) +12(z5)* — (25)° (2-12)
7120+ 60(zs) +12(15)” + (18)°

The aforementioned delay representation (2-12) can be transferred into the
linearized state-space form as (2-13) and (2-14).

AXge = Aga DXy + BdeIAVi* (2'13)
AV, = CygXgq + Dy AV, (2-14)
where  x, =[x s> Xz X qu]T are state variables of delay plant (2-13),

Ay Buer» Coarr Dy @re the mathematical matrices of the delay plant. A, {Ad Aj,

0 1 0

B C D
BdeI=|:d B}’Cde|:|:d C:|,Ddelz{d D:|,Aj: 0 0 1 !
d d
’ ~120/7* —60/72 —12/¢

B,=[0 0 1\ c,=[2a0/7* 0 24/¢] s D, =[] s v =i [ v = [V

(3) Droop-driven Power Controller

w”
Vodi
Pi P

Vodi lodi + Vogi Yoqi

—> ;
abe [V

uqi‘

0 igg

iuqi

Vodi Togi ~ Vogi lodi

Power Calculation LPF  Droop Controller
Fig. 2-3. The block diagram of droop-based power controller [72].

Fig. 2-3 shows the detailed representation of the droop-driven power controller,
including the power calculation block, low pass filter and droop controller. The
power controller is employed to achieve power sharing in islanded mode [12]. To
carry out the power sharing proportionally, the frequency and voltage reduction
relationship is introduced to adjust command reference in the presence of loads
disturbance. The active power-frequency (P-f) and reactive power-voltage (Q-V)
droop relationship [21] can be given as (2-15) and (2-16).

W= " — mpiPi (2-15)
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Vo=V -n,Q (2-16)

The instantaneous powers in dg-frame are obtained by the power calculation block
as shown in Fig. 2-3. Moreover, the average powers are computed from
instantaneous powers, which are given as (2-17) and (2-18) [12].

_ e, (2-17)

"stw, !

Q=% 4 (2-18)
S+, '

where the instantaneous active and reactive power can be described in dg-frame as
(2-19) and (2-20) [12].
P, = Vyuidogi + Vgl (2-19)

odi’odi oqi'oqi
a = vodiioqi _Voqilodi (2_20)
(4) LC Filters and Line Impedance

The differential equations of filter and line impedance of inverter (i=1,2,...n) can be
established according to Fig. 2-2 as (2-21) and (2-22) [12].

i R
Gha _ R i + vy — vy (2-21)
dt L L Ly
di; R.
|Iq| = _Jilqi + a)lildi +ivqi _ivoqi (2'22)
dt Lfi Lfi Lfi
Vogi _ DSV S (2-23)
dt Cfi Cfl
dv,;
"= OV + iilqi _iioqi (2-24)
dt Cfl Cfi
dIOdI = _& iOdI a)IIDqI iVodi _ivbdi (2_25)
dt L Lo L
di;
o= RCI I + wIIOdI +ivoqi _iqui (2-26)
dt LCi Lci Lci

Then, state-space dynamic model of LC filter plant and the line impedance is
formulated by combining and linearizing (2-21)-(2-26) as (2-27) [12].

Aildqi Aildqi (2_27)
AVyygi | = BAw + BZAqui + B, AVyyqi [+ BAAVbdqi
Ai Ai

odqi odqi

Where B [Ilqlo 1dio’ Voqu odi0? 0q|0 ole]T B Alz 24]T B _[ x40 1]T
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_ ’ L i L i C i
Bi=| Ay Ay —Ay A= f R, A, = f 1 A, =" 1
0 _ _"i 0o -— 0
ASl ASZ Wi Lfi Lfi Cﬁ
1 Rci
| 0 & — 0 L Wig
Pz -w, 0 A= 1 A= “ R.
0 — 0, -
Lci Lci

The linearized small signal model of individual inverter can be finally established by
combining dynamic equations of the voltage controller (2-4)-(2-5), current
controller (2-9)-(2-10), droop controller (2-15)-(2-16), time delay model (2-3), LC
filter and output inductance (2-27) as (2-28) [72].

A Xinvi = AnviAXinvi +B, 'Avbdqi +B

nvi

Aw (2-28)

inv2i

Ay = |AR,AQ,, APy AJ’dqnAimqwAanAVodaniodqu(i=12) is state vector of ith inverter.

Viagi 1S ith bus voltage connecting inverter i. w; is angle frequency of output voltage
of ith inverter, where the angle frequency of inverterl is selected as common
frequency [72]. Input variables of inverter are the bus voltage (vpq) and angle
frequency (w;). Aiwi, Binvi, Binv2i are parameter matrices of each inverter.

2.1.3 STATE-SPACE MODELING OF OVERALL SYSTEM
In this section, the current and voltage equations of the network and load are first

founded. As illustrated in Fig. 2-1, the voltage equations at different buses are
formulated as (2-29) [72]

. dij,a
Vi1 = Rigadilioaa + Lioaa (Ijtdl
H diLoadZ (2-29)
Vo2 = Ricadzlioads + Lioase
dt
. di,,,
Vs = Ricadslioads + Lioads I;‘Jt @
According to KCL, the bus voltage equations are rewritten as (2-30)
Vbl = RLoadl(iol + iLine_l) + LLoadl W
o d(iy, +iyine) (2-30)
Viz = Rigadz (loz *1iines) T Lioass %
. . d(=i,. . —1i,
Vb3 = RLoad3 (_ILine.‘l - ILinez) + LLoad3 %

Also, the current dynamic equations of lines can be formulated on DQ frame as (2-
31) and (2-32) [72]
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di . -R
LineDL ; :
= Iineor + @l tinecn ™+ Vop1 —
¢t L L
dlLinte _ - R1 H H V
at L ILinegs — @I LineDl+E bQL
Qi — Ry . 1
énte = L ILinep2 + @I LineQ2+f2VbDZ -
diLine - R
Q2 _ 2 5 T
at L ILinegz — @I LineD2+r2VbQZ -

1
7VbD2 (2_31)

1
EVbQZ
Ly,
L

2

bD3

(2-32)

1
rzqus

Similarly, the current dynamic equations of loads can be established on common
frame as (2-33) [72]

diLoadDi - RLoadi H H :
= 1 oadpi T @ Loadoit Vooi (i=123) _
dt I—Loadi Loadi (2 33)
di - )
L;adol = R iLoain — @ gagpit VbQi (i=123)
t |-Loadi Loadi

Finally, a linearized small signal model can be established by combining DG
inverters (2-21), voltage equations (2-30), network (2-31)-(2-32), loads equation (2-
33) as (2-34).

AX = AAX (2-34)
where AX is the state vector of  the whole system.
AX:[AxinvlvAXinVZxAiIineleiIinerAiIoadl:AiIoadZvAiI0ad3]- AiIinel and AiIine2 are state

variables of line currents. Aijgag, Alagz and Aijags are state variables of loads
currents. A is state matrix of small signal model.

2.2. Harmonic Stability Assessment

Eigenvalue analysis has been intensively adopted to predict small signal stability in
traditional power system [30]. It is able to indicate oscillation modes and damping
characteristic in different frequency range. The imaginary part of eigenvalues
indicates the oscillation frequency and the real part identifies the stability area. The
eigenvalue trajectories of the state matrix (A) in (2-34) are obtained to assess the
dynamic characteristic [72]. The system parameters and controller parameters are
listed in Table | and Table 1l. And the initial steady-state equilibrium point for the
stability analysis applied in this study is given in Table Il1.

Fig. 2-4(a)-(b) illustrates the eigenvalue trajectories with 3-order and 5-order Pade
approximation. The harmonic-frequency (10000 rad/s) oscillation modes and low-
frequency (150 rad/s) oscillation mode then can be observed [72]. The oscillation
modes indicate that the harmonic-frequency eigenvalues (115, A3.4, A5, A7.8) 9O tO
right-half plane as the increase of proportional parameter of voltage controllers (Kp,)
[72]. However, it also can be observed that low-frequency modes (1g.10) are
insensitive to the current and voltage controller parameter [72].
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TABLE |

SYSTEM PARAMETERS [72]

Parameters Value Parameters Value
Phase Voltage 220V DC Voltage 800 V
Sampling Frequency 10 kHz Liinet/Riinel 2mH/0.2Q
Lg/Ry 1.5mH/0.1Q | Lyjneo/Riines 2mH/0.2Q
Lp/Rp 1.5mH/0.1Q Cy/Cp 25uF/25uF
L./Ry 1.8mH/0.1Q | Lioaqa/Rioaq | 160mH/64Q
Lo/Ry 1.8mH/0.1Q | Lioaq3/R 1oaas | 240mH/80Q
Lioaai/R 1oaai 155mH/64Q
TABLE Il
THE PARAMETERS IN MULTIPLE CONTROL LOOPS [72]
Parameters Value Parameters Value
My /My le-4/1e-4 Ko/ Koo (0-0.07)/(0-0.07)
ng/Ng le-3/1e-3 K1/ Kiyn 200/200
Kper/ Koo (2-13)/(2-13) K1/ K 4/4
TABLE Il
STEADY-STATE OPERATION POINT [72]
Parameter Value Parameter Value
Loa10/Toano [4.24.1] Log10/Toq20 [3.3,3.4]
Voa1o/ Voo [310,310] Voaio/ Voo [0,0]
Daio/ Lo [4.4] Liq10/ig20 [1.1]
@10/ 0y [314,314] . 314
w, 314
2x10“ | 2x10" I
15} 434 Harmonic Fr;equency A1z 150 44 Harmonic Frfequenq‘l/ll—z
; 1 __________ )
g g 0'5% K004
= 5 L @ s
E ; E 05 _— . |I:A_0_v1—Frequency
A5 dig —:_' dss
2 {500 1000 500 0 500 1000 2 {550 -fo00 5606 50 000
Real Real
(a) (b)
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Fig. 2-4 Harmonic-frequency oscillation modes as a function of proportional coefficient of
voltage controllers for 3-order (a) and 5-order (b) Pade approximation [72].
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Fig. 2-5 Harmonic-frequency oscillation modes as a function of the proportional coefficient
of current controller for 3-order (a) and 5-order (b) Pade approximation [72].

Fig. 2-5 indicates the high-frequency oscillation modes as increase of the
proportional coefficient of current controllers (K,) from 2 to 12 [72]. It can be
observed that the oscillation modes go toward right-half plane. The power system
gets unstable if the proportional coefficient is higher than 10 [72]. Fig. 2-5(a)-(b)
demonstrate the eigenvalue trajectories with the 3-order and 5-order Pade
approximations of time delay [72].

Fig. 2-6 illustrates the harmonic-frequency oscillation modes if the sampling
frequency of DG2 control system decreases from 10kHz to 6kHz [72]. It can be seen
from the Fig. 2-6(a)-(b) that the oscillation modes for 3-order and 5-order Pade
approximation go towards unstable region as the decrease of the sampling fequency
[72]. The results obtained from Fig. 2-4 - Fig. 2.6 show the Pade order hardly affects
on the accuracy of harmonic stability assessment [72].
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Fig. 2-6 Harmonic-frequency oscillation modes as a function of sampling frequency

(fy=10kHz, 9kHz, 8kHz, 6kHz) for 3-order and 5-order Pade approximation [72].
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Besides, oscillation phenomenon of the paralleled inverters with the unequal
proportional parameter of voltage controllers is also investigated [72]. Fig. 2-7
shows that the eigenvalues 1;, and Js¢ go to right-half plane as increase of the
proportional parameter of inverterl voltage controller (Kg:) [72]. However, the
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eigenvalues 134 and A;g are still located in stable region. Hence, the harmonic-
frequency oscillation phenomenon is caused by the modes A;., and A5 [72].
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Fig. 2-7 Harmonic-frequency oscillation modes. (a) Oscillation modes as a function of
proportional parameter of inverterl voltage controller from 0 to 0.07 [72]. (b) Oscillation
modes as a function of the proportional parameter of inverterl current controller from 2 to
13[72].

2.3. Participation Analysis and Reduced-order Model

Participation analysis [100]-[104] is a useful solution to investigate the actions of
components on oscillation modes, which is able to establish a bridge between state
variables and oscillation modes, and identify the influences of parameters on system
stability.

The participation factor p; of the k th state and i-th mode [100]-[104] can be given
as.

_OA _ (2-35)

p = =U.V.
ki aakj ik ¥ ji

Note that the sensitivity of eigenvalue Z; to the element oy; of the state matrix is
obtained by product of the left eigenvector element u; and the right eigenvector
element v;;.

2.3.1 Participation analysis

Participation analysis also can be performed by caculating the participation of state
variables in special modes [72], which reveals the different contribution of states on
oscillation modes [72]. The participation matrix can be computed by left and right
eigenvectors as (2-36) [72].

P=[p1, Pz, -+. Prl (2-36)

with
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P1i= [pli’ Paiye-- pni]T = [ulivilvuziVizv"'uniVin]T
where p,. =u,v, isdefined as the participation factor [100]-[104].

U =[uy,Uy,---u,, ] is matrix of right eigenvector, and v =|v,,v,,,---,v, ]is matrix

of left eigenvector. uy; refers to the component on the k-th row and i-th column of
matrix U. vy refers to the component on the i-th row and k-th column of the matrix
V, which is able to reveal the participation of this component on certain oscillation
modes [72].

in

Table 2-4 shows the participation analysis results of high-frequency oscillation
modes, where current controller (i,/i,,), voltage controller (v,,/v,,) and time delay
(xp1/x,2) have high participation factors on Ay, A3, 4se, A7.5 [72]. But the states of
network and loads slightly affect harmonic-frequency modes. The participation
factor indicates that the current loop, voltage loop as well as time delay of digital
controller produce dominant influence on harmonic-frequency oscillation modes
[72]. The participation analysis shows the control loops of both inverters have
identical contribution on harmonic oscillation [72].

Similarly, Table2-5 shows the participation analysis results of inverters with unequal
controller parameters. Obviously, the inverterl mainly affects the modes 1., 1s.sand
inverter2 mainly affects the modes A4, 473 [72]. It is understood that the origin of
the instability problem is caused by inverterl, which also verifies the analytical
results from Fig. 2-7 [72].

TABLE 2-4
THE PARTICIPATION ANALYSIS RESULT FOR INVERTERS WITH EQUAL CONTROLLER
PARAMETERS[72]
Ao A3
State Participation State Participation
Xp1/Xp2 0.29/0.29 Xp1/ X0 0.33/0.33
Vo1/Vo2 0.14/0.14 Vol/Vo2 0.12/0.12
iot/ign 0.02/0.02 io1/ip 0.0006/0.0006
in/ip 0.33/0.33 in/ip 0.36/0.36
Remaining states <0.01 Remaining states <0.01
As. Mg
State Participation State Participation
Xp1/Xp2 0.28/0.28 Xp1/%p0 0.33/0.33
Vo1/Vor 0.15/0.15 Vo1/ Vo2 0.13/0.13
io1/ln 0.02/0.02 i1/l 0.0005/0.0006
in/ip 0.34/0.34 in/ip 0.38/0.38
Remaining states <0.01 Remaining states <0.01
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TABLE 2-5

THE PARTICIPATION ANALYSIS RESULT FOR INVERTERS WITH UNEQUAL CONTROLLER
PARAMETERS [72]

Ao Ay
State Participation State Participation
in/ip 0.64/0.03 in/ip 0.02/0.73
Vo1/Vo2 0.28/0.015 Vo1/Ve2 0.006/0.24
[RUS) 0.023/0.005 io1/lop 0.002/0.015
Xp1/Xp0 0.58/0.024 Xp1/Xp0 0.024/0.70
Remaining states <0.01 Remaining states <0.01
As.6 A
State Participation State Participation
in/ip 0.65/0.03 in/ip 0.02/0.79
Vo1 Vo2 0.3/0.016 Vo1/ Vo2 0.006/0.25
[RUS) 0.026/0.006 io1/lgn 0.002/0.016
Xp1/Xpp 0.54/0.02 Xp1/%pp 0.023/0.69
Remaining states <0.01 Remaining states <0.01

Thus, the participation analysis can identify the states and parameters leading to
harmonic oscillation, which is an useful solution to investigate oscillation origins
and reveals the contribution of components on the instability phenomenon [72].

2.3.2 Reduced-order model based on participation analysis

Note that the incorporation of inner control loops and the digital control delay
undoubtedly increases the order of the system state matrix. The model-order
reduction based on the specific oscillation modes is then needed for the system with
a large number of inverters [72].

On the basis of participation analysis, certain modes slightly related with harmonic-
frequency oscillation can be removed to establish a order-reduced model [72]. As
shown in Table 2-4 and Table 2-5, the inner control loops and digital control delay
have high participation on harmonic oscillation. Thereby, these states are reserved
while the other states can be removed [72].

The harmonic-frequency eigenvalue traces of the order-reduced model are depicted
in Fig. 2-8. It can be seen that the order-reduced model indicates identical oscillation
performance compared with original model, which thus validates the correctness of
the reduced-order model [72].
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Fig. 2-8. Harmonic-frequency oscillation modes in the order-reduced model. (a) The
oscillation modes with increase of voltage controller proportional parameter (K,,) from 0 to
0.07 [72]. (b) The oscillation modes with increase of current controller proportional
parameter (K) from 2 to 12 [72].

2.4. Simulation and Experimental Verification

Fig. 2-9 illustrates the experimental platform of the exemplified system, where the
circuit structure and parameters are given in Fig. 2-1 and Table 2-1. In the
exemplified system, two Danfoss inverters with 800V dc voltage source are used as
distributed generators [72]. The whole power system is controlled by dSPACE1006
system with the sampling frequency of 10 kHz.

DC source

dSPACE Loads
1006 |
L e A -

LC filter

Fig. 2-9 Experimental setp [72]
2.4.1 Simulation Verification

To validate the effectiveness of the proposed eigenvalue-based analysis method, the
simulations are performed in MATLAB/SIMULINK. The test system parameters
have been given in Table 2-1 and Table 2-2.
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(1) Harmonic instability phenomena associated with voltage controller

Fig. 2-10 demonstrates the simulated results of unstable case, where the oscillation
phenomenon happens when the proportional parameters (K,,) of voltage controllers
are within unstable region [33]. Also, the output current of inverters and voltages are
shown in Fig. 2-10. On the other hand, the system is stablized as shown in Fig. 2-11
once the proportional parameters are reduced. Thus, the simulation results,
accompanying with the theoretical analysis results shown in Fig. 2-4 and Fig.2-5,
explain that the inverter with the high proportional parameter of inner control loop
brings about the oscillation phenomenon [33].

Inverter2 Current

W iyl [ |

Inverterl Current

|| A ﬂm»

M‘

2 ‘ ‘ 3 J
Mv W \”JWN W s me WWWWW
-10 -10
0.56 0.57 0.58 0.59 0.6 0.56 0.57 0.58 0.59 0.6
time(s) time(s)
(® (b)
800 Busl Voltage zzg Bus2 Voltage
P/M 400 )“IWW‘ *‘WW
_ ’ﬁ}\q 200 m
g LE o o
: \'h 200} p
| -a001 A"y 1
m“n -600 W u" U ‘!W
-800
056 057 058 059 0.6 056 057 058 059 0.6
time(s) time(s)
(© (d)

Fig. 2-10 Simulated unstable case if the proportional parameters (K,,) are within unstable
region (K,,=0.055, K,;=9) [33]. (a) Inverterl current. (b) Inverter2 current. (c) Bus1 voltage.

(d) Bus2 voltage.
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Fig. 2-11 Simulated stable case if the proportional parameters (K,,) are within stable region
(Kp=0.04, K,=9) [33]. (a) Inverterl current. (b) Inverter2 current. (c) Busl voltage. (d)

Bus2 voltage.
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current. (b) Inverter2 current. (c) Busl voltage. (d) Bus2 voltage.

Fig. 2-12 shows the simulated unstable case with different proportional parameters
of voltage controller, where the instability phenomena verify the analytical results

from the eigenvalue trace in Fig. 2-7(a) [33].

(2) Harmonic instability phenomena associated with current controller

28



10- Inverterl Current 10r Inverter2 Current

i01(A)

10 10
0.56 0f57 0.58 0f59 Of6 0.56 0.57 0.58 0.59 0.6
time(s) time(s)
(a) (b)
800 800
Busl Voltage BusZ Voltage

/\M J\r‘

AMJ My

. V
M “ i
-400 f% ‘\[} U J\MG’H i nﬂ
ool W o
e Y 05 050 06 905 057  o0ss o058 06
time(s) time(s)
(c) (d)

Fig. 2-13 Simulated unstable case if the proportional parameters of current controller (K)
are within unstable region (K;,=0.04, K,=12) [33]. (a) Inverterl current. (b) Inverter2
current. (c) Busl voltage. (d) Bus2 voltage.

Fig. 2-13 demonstrates the simulated results of unstable case. It can be observed that
the oscillation phenomenon happens if the proportional parameters (Kpc) of current
controller are within unstable region [33]. The inverter currents and bus voltages are
depicted in Fig. 2-13(a)-(b) and Fig. 2-13(c)-(d), respectively.

Fig. 2-14 illustrates the simulated unstable case with unequal proportional
coefficients (Kc) of the current controller, where the oscillation phenomena validate
the analysis results from Fig. 2-7(b) [33]. Besides, the Fig. 2-15 shows that the
simulated results of paralleled inverters in stable case when the proportional
coefficients (K,) of current controllers are within the stable region [33].
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2.4.2 Experimental Verification

(1) The effect of voltage controller on harmonic instability

The experimental waveforms of unstable case caused by voltage controller are
demonstrated in Fig. 2-16. Once the proportional parameter (K,) of voltage
controller is located in unstable region, the high-frequency oscillation phenomenon
will happen [72]. Fig. 2-16(a)-(b) and Fig. 2-16(c)-(d) depict inverters current and
network voltages, respectively.

In contrast, the inverter currents and network voltages can be stablized as
demonstrated in Fig. 2-17(a)-(b) and Fig. 2-17(c)-(d) once the proportional
coefficients of the controllers are reduced. Fig. 2-18 demonstrates the experimental
results of unstable case for inverters with unequal coefficients of the voltage
controller [72]. The oscillation will occur if the proportional coefficients higher than
critcal value of stable region in Fig. 2-18(a) [72].
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Fig. 2-16. The unstable case induced by the proportional coefficients of voltage controller

(Kp=0.053, K,:=8) [72]. (a) The inverterl current. (b) The inverter2 current. (c) Voltage at
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Fig. 2-18. The unstable case (K,,;=0.072, K,,,=0.02, Ky;;=K,,=8) [72]. (a) The inverterl
current. (b) The inverter2 current. (c) Busl Voltage. (d) Bus2 Voltage.
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(2) The effect of current controller on harmonic instability

Fig. 2-19 gives the results of unstable case induced by the coeffcients (K, of current
controller. The inverter currents and network voltages are given in Fig. 2-19(a)-(b)
and Fig. 2-19(c)-(d). It shows that harmonic oscillation phenomenon happens if the
proportional coefficients (K) of the current controller are higher than 10 [72]. Fig.
2-20 illustrates that the experimental results of unstable case for inverters with
unequal proportional coefficients of current controller [72]. The instability
phenomena occur once the proportional coefficients are located into unstable region
shown in Fig. 2-7(b) [72].

As illustrated in Fig. 2-21, the inverter currents and network voltages are stablized if
the proportional coefficients of inverterl current controller are reduced [72]. The
experimental results together with eigenvalue analysis results shown in Fig. 2-5 and
Fig. 2-6, indicate that inverters with high proportional coefficients of inner control
loop results in the harmonic oscillations [72].
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Fig. 2-19. The unstable case (K,,=0.035, K,:=10) [72]. (a) The inverterl current. (b) The
inverter2 current. (c) Busl Voltage. (d) Bus2 Voltage.
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Fig. 2-22. The unstable case with the sampling frequency f;=8kHz [72]. (a) The inverterl
current. (b) The inverter2 current.

Fig. 2-22 depicts the experimental results of unstable case. The experimental result
agrees with the eigenvalue analysis results shown in Fig. 2-6.

2.5 Summary

This section develops an eigenvalue-based harmonic-frequency instability
assessment method. First, a state-space-based small signal model of individual
inverter including time delay, current controller, voltage controller and droop-driven
power controller is built. Then, an overall state-space model including inverters,
lines and loads is developed. Furthermore, harmonic instability is investigated by
analyzing eigenvalue traces, where the contribution of each state on harmonic-
frequency oscillation modes can be evaluated through participation analysis [72]. In
addition, a reduced-order model applied for harmonic instability assessment is
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proposed according to the participation analysis. The analytical results show that the
inner current controller, voltage controller and time delay have a critical effect on
harmonic instability [72]. The experimental results are given for validating the
proposed harmonic instability analysis method.
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CHAPTER 3. SMALL SIGNAL
STABILITY ASSESSMENT USING
COMPONENT CONNECTION METHOD

As reviewed in Chapterl, there are some inherent drawbacks in the state-space
modeling and the impedance-based analysis. In order to overcome the drawbacks,
this chapter develops a system-level stability criterion by means of Component
Connection Method (CCM) [34]. Different from the conventional state-space
modeling, the CCM is able to reformulate system model in a computationally-
efficient way [105]-[108]. In this procedure, the whole system is divided into
different components. These components can be combined together by algebra
matrices according to their terminal relationships. Finally, a sparse state matrix can
be formulated to represent the composite system model [34].

The CCM is a modular-based modeling approach, which is applicable for the large-
scale inverter-fed power system [34]. It is also able to perform sensitivity analysis
and identify oscillation origin. The CCM-based modeling and analysis methods have
been presented for high voltage direct current systems and the transmission power
grid with the Thyristor-based Static Var Compensator [107], [108]. But the
implementation of this method for inverter-fed power system has not been studied.
The aim of this chapter is to present the CCM-based modeling procedure of inverter-
fed power system.

3.1. System description and component connection method

An inverter-fed power system is first illustrated, and then the component connection
method applied for small-signal modeling and analysis is demonstrated, which can
be applied in large-scale inverter-fed power systems [34].

Fig. 3-1 depicts a circuit configuration of inverter-fed power system with i inverters

and i+1 loads. The power system may be divided into different components and each
component is connected by internal input-output relationships [34].
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Fig. 3-1. The circuit diagram of inverter-fed power system. (a) Circuit structure. (b) The
CCM-based system modeling [34].

The system model of i-th component could be given by a set of nonlinear equations
[109]-[110] as follows.

Xi = f.(x,u) (3-1)

Yi =0;(%,u;) 3-2)

where Xx;, U;, y; means the state variable, input variable, and output variable. The
linearized small signal equation of (3-1) and (3-2) can be obtained as (3-3) and (3-
4).

AX = AAX, + BAU (3-3)
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Ay, =C,Ax + DAY, (3-4)

To permit a simple representation, the sign A in (3-3) and (3-4) is neglected in the
following. Then, an overall system model can be formulated by combining all the
component models as given in (3-5) and (3-6) [34].

X = AX +BuU (3-5)
y =Cx+Du (3-6)

where A,B,C,D are parameter matrices of system model. A=diag(A,---A,---,A) »

B =diag(B,,---,B,,---,B,) » C =diag(C,,---,C,,---,C,) » D=diag(D,,---,D,,---,D,)- They
are diagonal matrices since these components are connected in diagonal.
X:[Xj_!“.ixiv”'lxn]-r’u:[uli'“luil'“!un].r’y:[yll“'lyil“'!yn].r'

As illustrated in Fig. 3-1(b), each component may be represented by a small-signal
model with inputs and outputs, the input-output relationship among the different
components can be explained by the following equations (3-7) and (3-8) [34]

u=Ly+La (3-7)
b =Ly+La (3-8)
where u and y are seen as component input and output vectors, a and b are seen as
system input and output vectors. Ly, L,, L3, L, are parameter matrices explaining
connection relationship. Finally, the small-signal model based on CCM may be
established by combining (3-5)-(3-7) and (3-6)-(3-8) as (3-9) and (3-10) [34].
X =Fx+Ga (3-9)
b=Hx+Ja (3-10)
where F=A+BL(l-DL)"C , G=BL/(I-DL)"DL,+BL, , H=L,(1-DL)C ,
J=L,(1-DL)™"DL, +L, - Then, the small signal stability of system can be
investigated by analyzing the eigenvalue traces of the state matrix F [34].

3.2. Implementation of the CCM for system modeling

The proposed modeling procedure is demonstrated with reference to the exemplified
microgrid shown in Fig. 3-1(a). As illustrated in Fig. 3-1(b), the system is divided
into inverter component and network component. The inverter component consists
of power controller, voltage controller, current controller, modulation block and
filter [34]. All of the components are collected together to formulate the composite
model. The modeling and analysis procedure is briefly described in this section.
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Fig. 3-2 illustrates the circuit and control diagram of individual inverter, including
LCL-filter, droop controller, the voltage control loop, the current control loop and
the Pulse Width Modulator (PWM) [34].

The droop controller is able to distribute powers among the paralleled inverters. The
instantaneous powers can be computed by output voltage and current in dg frame
[34]. The mean powers obtained from low pass filter are input variables of droop
controller. The inner voltage control loop and current control loop are performed by
classical PI regulator [34].

To study the influence of digital control delay, the delay model can be represented
as (3-11), containing digital computation delay (T;) and the zero-order hold
influence of PWM (0.5T;) [34].

V, =e "V (3-11)
Note that v and v, are the reference and output voltage.  =1.5T, is the delay time.

The delay representation can be given as (3-12) by the 3-order Pade approximation
[34].
— 120-60(zs) +12(s)* — (s)*
120+ 60(zs) +12(z5)? + (3)°
Moreover, the state-space formulation of small-signal model (3-11) can be given as
(3-13) and (3-14) [34].

(3-12)

Xdel = Ay Xger + ByaVi (3-13)
Vi =CyyXy + DV’ (3-14)
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where A, B,,,C,,, D,, are the system matrices. Adl{Ad B, - B :
’ Al T B,

0 1 0
C D
C:deI:|:d C::|’Dde|:|:d D:|,Aj: 0 0 1 le:[O Ol]T,
d d 3 2
-120/7° -60/7° -12/7
C,=[d0r* 0 2arc] . D=1 . wW=Movi] V=PV

Xy = [qul’ Xqq2: qua]r is state vector of small signal model (3-13).

Fig. 3-3 depicts the power angle relationship among different inverters, where the dq
frame of inverterl is defined as common frame (DQ), and the small signal dynamics
of remaining inverters and power network are converted into common frame [21].

Q(q1)

qi

‘-‘I W =Weom
- > Didy)

Fig. 3-3. Power angle relationship among different inverters.

The power angle relationship of the ith inverter is given as (3-15) [34].
8 = [ (@ — @)t (3-15)

Furthermore, the state-space form of (3-15) may be written as (3-16) and (3-17)
[34].

Xe = Ax, + B, (3-16)

y. =C.x. +D.u, (3-17)
Where Xc z[éi]’ uc :[a)ﬂwcom]-r’ yc z[é‘i]‘ A: =0, Bc =[1 _1]’ Cc:l‘ Dc :[0 0]
The small signal dynamic of power controller is shown in Fig. 3-2. The

mathematical model of the power controller is formulated by assembling these
component models, which is represented as (3-18) and (3-19) [34].

X1 = AXx, +Bu, (3-18)
y, =Cx +Du, (3-19)
where x = [Pl,Ql]T are state variables of active power and reactive power,
Uy = MagisVagurloanfogs] 18 the input vector, y, = v,V @] is the output vector, and

A,B,,C,, D, are parameter matrices of the droop controller model (3-18)-(3-19).
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V..V are the initial operation point of the inverter currents and voltages.
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As illustrated in Fig. 3-2, each inverter includes droop controller, inner current and

voltage loop, as well as PWM block [34]. The state-space form of each inverter is

derived by combining delay model, angle relationship, droop controller, inner
voltage and current control loops as well as filter as (3-20) and (3-21) [34].

).(i”"i = AinviXinw + Bmwul (3-20)

y, =C, (3-21)

[ , |’Ql’wdql’j/dql’Ildqlivodqlllodqlixdel]T is inverter state variable, containing the

invi XInVI

InVI
power angle state (o;), active power and reactive power (P;, Q;), states of voltage
controller (pqq), states of current controller (yqq), states of LCL filter (iigi, Vodgis Todgi),
as well as delay states (Xgel). Ui = [iodqi*, Vhusil 1S input vector, including bus voltages
(Vusi) and command current (iodqi*). The component output (y;) is inverter current
(i0dqi), Which connects power network.

In fact, the closed-loop output admittance gain may be obtained through the ratio of
output current to inverter input from (3-20) and (3-21), which accounts for inverter
terminal characteristic [78].

Yo = % invi (SI Aim/i)71 Binvi (3-22)
It is understood that closed-loop admittance can be obtained by the ratio of output to
input if the voltage (Vi) is defined as inverter input. Also, the closed-loop gain can
be derived if the reference current (iodqi*) is defined as input [34]. The terminal
performance revealing oscillation factors of inverter will be investigated in section
3.3.

Fig. 3-4 depicts the circuit diagram of network and loads, which is modeled as
individual components.
fol Vol Vb3 V2 i

Lel
ILoad!

Rioadl

Riinet ILinel LLincl Liine2  fLine2

iLoad3

Ruine2

Rioad3

Lioad! Lioad3

Fig. 3-4. Circuit diagram of network and loads [34].
The current dynamic equation of network on common rotating frame may be
established as (3-23)
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iLineDi =— RLinei i —wi —LV +LV
- LineDi LineQi bDi bD3 ,:__
Linei LLinei LLinei ("112:3) (3'23)
L T S S SV
LineQi = LineQi T @lLineni bai T bQ3

Linei Linei Linei

The small signal model of lines can be built as (3-24) by linearizing (3-23) [34]

Aivinepqi = A jneri AW + Aineri Al inepoi T Alineai Voo T Alinedi Vobos (3-24)

. -Ry -1
where AL o |:_|LineQi0:| , L _Iiel — , L 0 ,
ineli . AL = Linei AL = Linei
ILineDiO ine2i _ RLinei ine3i -1
@, ——=he 0
LLinei I-Linei
Ll 0
ALineAi = Linel 1
0
I-Linei
The small signal equations of loads on common frame are established as (3-25).
: —R i : .
I LoadDi = e I Ol gagqqi T Vboi
Loadi LLoadi (|21,2,3) (3'25)
. —Rgadi - .
i Loadqi = —=224L ILoadqi T P Loadpi ¥ 7 Vhai
Loadi Loadi
The small signal model of loads may be built as (3-26) through (3-25)
Al Loadpqi = A g A@ + ALoadZiAiLoadDQi + ALoad3iVbDQi (i=1,2,3) (3-26)
1 _ RLoadi 1
where A :{ 'LOadQD} , L., L 0
oadli B AL — Loadi AL = Loadi
ILoadD'O oad2i o —Rioaai oad3i 1
’ I‘Loadi LLoadi

Then, artificial resistors are adopted to define bus voltages between node and ground
for simplifying network model [21]. The bus voltages may be established on DQ
common frame by linear combinations of current states as (3-27) and (3-28) [34]

(3-27)
(3-28)

Vooai = Iy (opai + ILinenoi — TLoadnoi)

VbDQ(i+l) =TIy (_ILineDQl T ILineDQi -l

Further, the small-signal dynamic model of the network and loads are built by (3-
24), (3-26)-(3-28) as (3-29) [34]

LoadDQHl))

Xnet = AretXnet + Bretlner (3-29)
Vet = CretXnet + Phetl

net“*net net~net
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Xoo = [ILineDQli'”lILineDQi’ILoadDQl"”'lLoadDQi]T are state variables of lines current and

Ioads Current’ A\et = dlag (ALine21l ALineZZ’ ALoale' ALoadZZ' ALcad23) !

Unet = [iodql’ ] iodqi'é‘ll T 5| ’ a)l]r 1 Yo = [iodq‘U' "N iodqi]T )
A composite system model can be obtained by combining component models as (3-
30) [34]

>.<:Arx+ B, u (3-30)
y=C;x+D;u
Ar =diag(Aocy s Ao A) + Br =diag(Bpgy, 1 Bogii Bre) + Cr =diag (Cogyi+* Cogir Coer)
D, = diag(Dpey. Do Do)+ X = [Xpe1r*+ Xoai o) 1€ State variables of inverter and
network. Interconnection relationship among components can be represented as (3-
31) [34]
u =Ly (3-31)

The final small signal model of whole system then may be derived by combining (3-
30) and (3-31) according to (3-9) and (3-10) as (3-32) [34]

X = FX (3-32)
where F = A +B L (I _DTLT)_lcT' The small-signal stability of the whole system

may be predicted by analyzing the eigenvalue traces of state matrix (F), which will
be done in the next part [34].

To investigate the steady-state performance of the proposed small signal model, the
experimental verification is performed, where a step load of 4kw and 6kvar is
arranged at bus3. Fig. 3-5 - Fig. 3-6 show the experimental results of small signal
model, where the state responses of the active power, reactive power, d-axis current
and g-axis current are shown in Fig. 3-5(a)-(d) and Fig. 3-6(a)-(d). It can be seen
that the responses obtained from the small signal model matches with the state
responses obtained from the experimental system.
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Fig. 3-5. Step response of inverter 1. (a) Active power response. (b) Reactive power response.
(c) Output current (d-axis) response of stable case. (d) Output current (g-axis) response of
stable case.
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Fig. 3-6. Step responses of inverter 2. (a) Active power response. (b) Reactive power
response. (¢) Output current (d-axis) response. (d) Output current (g-axis) response.

3.3 Terminal performance of inverter

Terminal performance may be revealed by frequency response of inverter output
admittance, which is able to explain the contributions of control loops parameters in
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different frequency region [34]. Fig. 3-7 demonstrates that terminal performance of
single inverter as the growth of reactive power-voltage droop parameter (n,) from
le-3 to 5e-3, where the frequency characteristic and eigenvalues of inverter is
demonstrated in Fig. 3-7(a) and Fig. 3-7(b). To explain the influence of controller
parameters, the time delay is not incorporated in the case [34]. It can be observed
that the terminal performance of inverter in low frequency range (1Hz-40Hz) is
primarily influenced by the reactive power droop gain, whereas the terminal
performance in high-frequency region is hardly influenced [34].
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Fig. 3-7. Terminal behavior of inverter as the growth of droop gain from 1e-3 to 5e-3 without
incorporating time delay [34]. (a). Frequency characteristic at inverter terminal. (b).
Eigenvalue trajectory of individual inverter.

Fig. 3-8 illustrates the terminal behavior of inverter when the proportional
coefficient of voltage control loop increases, where the frequency response is
depicted in Fig. 3-8(a) and eigenvalue trace is depicted in Fig. 3-8(b). In addition,
the Fig. 3-9 demonstrates the inverter terminal behavior when the proportional
coefficient of current controller increases [34]. In summary, the proportional
parameters associated with current and voltage control loops have essential
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influences on harmonic-frequency characteristic (500 Hz-1000 Hz). Meanwhile, the
eigenvalue trajectory of inverter reveals the identical influence in harmonic-
frequency range [34].
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Fig. 3-8. Terminal behavior of inverter when the proportional parameter of voltage controller

increases from 0.01 to 0.05 without inserting time delay [34]. (a). Inverter terminal frequency

behavior. (b). Inverter eigenvalue trajectory.
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Fig. 3-9. Inverter terminal performance when the proportional coefficient of current
controller increases from 2 to 6 without incorporating time delay [34]. (a). Inverter terminal
frequency response. (b). Eigenvalue trajectory of individual inverter.

Furthermore, the terminal characteristic would be primarily affected if digital control
delay is considered [34]. Fig. 3-10 depicts the inverter frequency response with the
decrease of sampling frequency.
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Fig. 3-10. Inverter terminal performance when the proportional parameters of voltage
controller increase considering time delay [34]. (a). Inverter terminal frequency response.
(b). Inverter eigenvalue trajectory.
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Fig. 3-11. Inverter terminal characteristic if the sampling time increases (T;=1/10000,
1/8000, 1/6000) [34]. (a). Inverter terminal frequency response. (b). Inverter eigenvalue
trajectory.

Fig. 3-11 demonstrates the frequency response of inverter output admittance when
the sampling time increases, where the digital control delay exerts an essential effect
on harmonic-frequency characteristic of inverter [34].

The frequency response shown in Fig. 3-8-Fig. 3-11 explains that the controller
parameters in multiple control loops have different contributions on inverter
dynamic performance in wide frequency range [34].

3.4 Low-frequency stability

Oscillation and damping characteristic of the power system can be revealed
according to the eigenvalues of state matrix [30]. In this section, the eigenvalue trace
of state matrix (F) may be obtained to predict the system dynamic stability in
different frequency range [34]. The parameters of exemplified system are given in
Table 3-1.
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TABLE 3-1 Test System Parameters [34]

Parameter Value Parameter Value
Rated Voltage
(Phase-to-GroSn d) 220V Frequency 50 Hz
DC-link Voltage 750V Switching Frequency 10 kHz
Lu/Le 1.5 mH/1.5 mH Ts 100 ps
Cu/Cp 25 uF/25 pF Lt oad1/RLoad1 155 mH/64 Q
Lei/Ler 1.8 mH/1.8 mH L oad2/RLoad2 156 mH/64 Q
Liinet/Ruinet 1.8 mH/0.2 Q Lt oad3/R1oad3 245 mH/80 Q
LLineZIRLineZ 1.8 mH/0.2 Q

3.4.1 Low-frequency stability assessment

A power system with 2 paralleled inverters shown in Fig. 3-2 is first modelled to
investigate low-frequency oscillation, which is highly sensitive to active power and
reactive power droop coefficients [34]. As depicted in Fig. 3-12, the low-frequency
(20-70 rad/s) eigenvalue trajectory moves toward right-half plane (unstable region)
as the increase of droop coefficient (m;) from 0.1e-3 to 3e-3 [34]. Hence, the low-
frequency modes are highly sensitivie to the dynamics of active power sharing [34].

T 3
150 1 my=1.6e-3
100 Sl !
A‘a@,&
50 g‘ﬁ
£
0 LR L
i
50 t’w
™
-100 — 3
-150 }
c b
-100 -50 0 50

Fig. 3-12. Low-frequency eigenvalue trajectory with an increase of active power droop
coefficients of power controller (my) from 0.1e-3 to 3e-3 [34].
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Fig. 3-13. Low-frequency eigenvalue trajectory with the increase of reactive power droop

gain of power controllers (ng) from 1e-3 to 30e-3 [34].

Also, Fig. 3-13 depicts that the low-frequency eigenvalue trajectory moves towards
the right-half plane (unstable region) when reactive power droop coefficient
increases.

3.4.2 Simulation and experiment

To verify the proposed stability analysis method, the simulation and experimental
verification are performed in this section. The parameters of test system are
provided in Table 3-1. And the circuit configuration is depicted in Fig. 3-14. In the
implementation of simulation and experiments, the control is performed in the
discrete domain with a sampling frequency of 10 kHz.

f _| A = Busl Lt Ruoan
T I

Inverter 1

L]
T |
Inverter 2 I

Cp

Fig. 3-14. System circuit configuration [34].
(1) Simulation results

Fig. 3-15 depicts that the simulated results of low-frequency oscillation phenomenon
with the increase of the active power droop coefficient (m,) [34]. And the Fig. 3-

51



15(a)-(b) shows the three-phase output current of inverters. Also, Fig. 3-15(c)-(d)
shows the active and reactive power of inverters, respectively. It can be seen that the
low-frequency oscillation phenomenon (10 Hz) happens in current and power
responses [34], which verifies the analysis results shown in Fig. 3-12.

Fig. 3-16 shows that the simulated current responses in the low-frequency oscillation
when the reactive power droop gain (ng) of the power controllers increase [34]. Fig.
3-16(a)-(b) shows the output current of inverters. Also, Fig. 3-16(c)-(d) shows the
output power of inverter 1 and inverter2, respectively. It can be seen that the low-
frequency oscillation phenomenon (20 Hz) happens in the current and power
responses [34], which agrees with the analysis results shown in Fig. 3-13.
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Fig. 3-15. Simulation results in low-frequency oscillation case (m,=0.62e-3, n,=1e-3) [34].
(a) Output current of inverterl. (b) Output current of inverter2. (c) Output power of inverterl.
(c) Output power of inverter2.
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Fig. 3-16. Simulation results of the low-frequency oscillation case (m, =1e-4, n,=12e-3) [34].
(a) Inverterl output current. (b) Inverter2 output current. (c) Inverterl output power. ()
Inverter2 output power.

(2) Experimental results
The experimental results of low-frequency oscillation case are shown in Fig. 3-17

when the active power droop gain (m,) is increased, where the Fig. 3-17(a)-(b) and
Fig. 3-17(c)-(d) show the output current and output power of inverters [34].

The experimental results of the low-frequency oscillation case are depicted in Fig. 3-

18 when the reactive power droop gain (ng) is increased, where the Fig. 3-18(a)-(b)
and Fig. 3-18(c)-(d) depicts the output current and output power of inverters [34].
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Fig. 3-17. Experimental results of the low-frequency oscillation phenomenon (m,=0.62¢-3,
n,=1e-3) [34]. (a) Output current of inverterl. (b) Output current of inverter2. (c) Output
power of inverterl. (c) Output power of inverter2.
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Fig. 3-18. Experimental results of low-frequency oscillation phenomenon (m, = 0.1e-3, n, =
18e-3) [34]. (a) Output current of inverterl. (b) Output current of inverter2. (c) Output power
of inverterl. (c) Output power of inverter2.

3.5 Harmonic-frequency stability

3.5.1 Harmonic-frequency stability assessment

The harminic-frequency oscillation is also studied for the inverter-fed power system
shown in Fig. 3-1. Fig. 3-19 depicts the eigenvalue trajectory of the overall model
(3-32) as variation of the proportional coefficient of voltage controllers [34]. It can
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be observed that two harmonic-frequency conjugate pairs are to large extent
sensitive to the parameter, which reveals the dynamics of harmonic frequency [34].
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Fig. 3-19. Harmonic-frequency eigenvalue trace with the increase of proportional coefficient
of voltage controller (K,) from 0 to 0.06 [34].

Fig. 3-19 demonstrates the harmonic frequency eigenvalue trace as the increase of
the proportional coefficient of current controller from 2 to 12, where the modes
move toward the unstable region if the parmaeter (K,) is increased [34]. The system
would become unstable if K is higher than 9 [34].

x10*

-1500 -1000 -500 0 500 1000

Fig. 3-20 Harmonic-frequency eigenvalue trace when the proportional coefficient of current
controller (K,) is increased from 2 to 12 [34].

To simplify the network equations, virtual resistors can be introduced to define node
voltages in some previous work [34]. Fig. 3-21 depicts that the movement of
eigenvalue trace if the virtual resistor is increased from 600 Q to 800 Q [34]. It
shows that virtual resistors exert important influence on the fundamental frequency
oscillation modes (50Hz), and slightly affect the harmonic-frequency modes.
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Fig. 3-21. The influence of virtual resistor on system stability when r, is increased from 600 Q
to 1000 Q [34].

To further explain the contributions of this work considering digital control delay, a
comparison analysis between this work and previous work is provided as shown in
Fig. 3-22.
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Fig. 3-22. Comparison explanation of the proposed model and the previous model [34]. (a)
Stability analysis for overall model with considering time delay. (b) Stability analysis for
overall model without considering time delay.

Fig. 3-22(a) depicts that the eigenvalue trajectory of overall model considering
digital control delay. It can be observed that the delay model has an essential
influence on harmonic-frequency instability with oscillation frequency 10000 rad/s
(1.6kHz) [34]. The harmonic-frequency eigenvalues move to unstable range due to
increase of proportional coefficients of inner controller. Also, the Fig. 3-22(b)
demonstrates the stability analysis result without considering digital control delay,
where the harmonic-frequency characteristic is missing completely, and only low
frequency modes with oscillation frequency 10Hz are shown here [34]. Hence, the
proposed analysis incorporating time delay model provides more complete and
accurate oscillation characteristics [34].
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3.5.2 Simulation and experiment
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Fig. 3-23. Simulation results of unstable case (K,, = 0.056, K,.= 8) [34]. (a) Output current

of inverterl. (b) Output current of inverter2. (c) Busl voltage (phase-to-phase). (d) Bus2
voltage (phase-to-phase).

Fig. 3-23 depicts that the simulated results of the unstable case. The output current
of the inverters and bus voltages are depicted in Fig. 3-23(a)-(b) and Fig.3-23(c)-(d).
It can be observed that the harmonic-frequency oscillation phenomenon occurs if the
proportional coefficients (Kp,) are selected as 0.056 [34].

Once the proportional coefficients (K,,=0.04, K,.=8) are reduced, the output current
of DG units and bus voltages are stablized as shown in Fig. 3-24(a)-(b) and Fig. 3-
24(c)-(d) [34]. The simulated results, accompanying with analysis results from Fig.
3-11 and Fig. 3-12, explain that the inverter with the high gains of voltage and
current loop causes harmonic-frequency oscillation [34].
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Fig. 3-24. Simulated results of stable case (K, =0.04, K, =8) [34]. (a) Output current of
inverterl. (b) Output current of inverter2. (c) Busl voltage. (d) Bus2 voltage.
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Fig. 3-25 illustrates that the simulated results of unstable case if the proportional
coefficients (K, of current controller is selected into unstable region [34]. The
output current of DG inverters and bus voltages are denmonstrated in Fig. 3-25(a)-
(b) and Fig. 3-25(c)-(d), separately. The high-frequency oscillation occurs when the
proportional coefficients (K) of current controller are selected as 12 [34].

Fig. 3-26 illustrates the experimental results of unstable case caused by voltage
controller. The output current of the inverters and bus voltages are illustrated in Fig.
3-26(a)-(b) and Fig. 3-26(c)-(d), respectively. Then, the harmonic instability
phenomenon happens once the proportional coefficient (K;,) of voltage controller is
set into unstable region [34].

In contrast, the output current of the inverters and network voltages are stablized as
shown in Fig. 3-27(a)-(b) and Fig. 3-27(c)-(d) once the proportional coefficients of
the controllers are reduced [34].
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Fig. 3-26. Experimental results of unstable case (K,,=0.053, K,.=8) [34]. (a) Output current
of DG1. (b) Output current of DG2. (c) Bus1 voltage. (d) Bus2 voltage.
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Fig. 3-27. Experimental results of stable case (K,,=0.04, K,:=8) [34]. (a) Output current of
DGL1. (b) Output current of DG2. (c) Bus1 voltage. (d) Bus2 voltage.
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Fig. 3-28 Experimental results of unstable case (K,,=0.04, K,;=12) [34]. (a) Output current
of DGL1. (b) Output current of DG2. (c) Busl voltage. (d) Bus2 voltage.

Fig. 3-28 illustrates the experimental results of unstable case. The output current of
DG units and bus voltages are depicted in Fig. 3-28(a)-(b) and Fig. 3-28(c)-(d),
respectively. The high-frequency instability phenomenon still occurs once the
proportional coefficients (K) of the current controller are selected as 11 [34].

The simulation, experimental results as well as analysis results demonstrate that the
high proportional coefficients of inner control loops cause the high-frequency
instability phenomenon [34].

3.6 Conclusion

This chapter develops a CCM-based stability analysis method for inverter-interfaced
power system, which is applicable in wide frequency range. The power system is
first separated into various components, and the model of each component can be
separately built. These component models are then combined to build a composite
system model on the basis of interconnection relationship among components [34].
Finally, an eigenvalue-based method is presented to predict low-frequency
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oscillation as well as harmonic-frequency oscillation, where the effect of voltage and
current controller parameters on system stability is investigated [34]. The conclusion
can be drawn that the parameters of inner controllers have essential effects on small-
signal stability in different frequency range. Simulation and experimental results are
provided to validate the proposed stability analysis approach.
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CHAPTER 4. HARMONIC RESONANCE
ASSESSMENT OF MULTIPLE
PARALLELED GRID-CONNECTED
INVERTERS SYSTEM

This chapter focuses on harmonic resonance issue of multiple paralleled grid-
connected inverters. An eigenvalue-based impedance stability analytical method of
paralleled grid-connected inverters is developed. The proposed method establishes
the bridge between the state-space-based modeling and impedance-based stability
criterion, which combines the advanced merits of the two methods [111]. Finally,
the frequency scanning-based impedance analysis is presented to assess the
resonance problem of grid-connected inverters system.

4.1. Small signhal modeling of grid-connected inverters

This section first describes the circuit configuration of grid-connected inverters in
this study. Then, the state-space model of grid-connected inverter with grid-current
feedback and inverter-current feedback is built. Furthermore, the state-space model
of paralleled grid-connected inverters is established.

4.1.1 Small signal modeling of single grid-connected inverter

PWM Delay .
Digital Delay ¢ +

Fig. 4-1. The diagram of a three phase grid-connected inverter with grid-current feedback or
converter-current feedback [111].
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@) (b)
Fig. 4-2. The equivalent circuit of impedance-based method [111]. (a) Equivalent circuit of
grid-connected inverter with grid-current feedback. (b) Equivalent circuit of grid-connected
inverter with converter-current feedback.

Fig. 4-1 shows the diagram of a grid-tied inverter with grid-current feedback or
inverter-current feedback. Fig. 4-2 shows the equivalent impedance model of grid-
connected inverter with grid-current feedback and converter-current feedback [111].
The Pl-based current control loop is adopted to perform output current control. In
this work, the inverter is modeled as linear time-invariant system, where the
switching harmonics is disregarded since the switching frequency of inverter is well
above the system fundamental frequency [78]. The state equation of current
controller with grid-current feedback and converter-current feedback is given
according to Fig. 4-1 as (4-1) [111].

or @ =iyl (4-1)

@ = i;i — Iy
The output equation of current controller is given as (4-2) [111].
V: = Kp(i:i —i)+ Ko, (4-2)
v, = Kp(i;i —ii)+ K¢,
As shown in Fig. 4-1, time delay is caused by sampling, computation and zero-
order-hold effect of the pulse-width modulation [72]. The time delay of digital
control system may be modeled as (4-3).

VAR A (4-3)
where v; and v, are the demanded voltage and inverter output voltage, respectively.
7=1.5T; is delay time resulting from digital computation delay (Ts) and the pulse
width modulation (PWM) delay (0.5Ty), T is the sampling period of digital control
system [78]. The delay plant (4-3) is converted into the state-space-model as (4-4)
and (4-5) by Pade approximation [111].

Xg = AgXy +Byv, (4-4)

Vv, =CyX, +D,v, (4-5)

c
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where Ay, By, Cq Dy are parameter matrices.

B,=[0 0 1. c,=[240/7* 0 241 D, =[-1] -

The differential equations of LCL-filter are represented according to Fig. 4-1 as (4-
6)-(4-8) [111].

. R
i =—JiL+ivc—iv0 (4-6)
Lfl Lfl fl
vy = (i, -i,) )
fi
o Ray 1y Ly (4-8)

° Lcl Lcl o Lcl P
Then, the state space model of single grid-tied inverters is formulated by combining
(4-1), (4-4) and (4-6)-(4-8) as (4-9)-(4-10) [111].

Xinvi = Ainvixinvi + Binviuinvi (4_9)
Yinvi = CiniXinui (4-10)
Where Xinvi = [IL lVo ' io &, Xd ] v Uiy = [i;i 'Vpcc]’ Yii = [ioi] : AinVi’ BinVi’ CinVi are parameter

matrices.

For ith inverter, there are two input variables. If PCC voltage (V) is selected as
input variable and output current is selected as output variable, the terminal
characteristic can be represented by the transfer function of output voltage (V) to
output current (iy) as (4-11) according to (4-9) and (4-10), the closed-loop output
admittance and impedance are given as (4-11) and (4-12) [111].

_Ymi®) _o g A yip (4-11)
YO a Uinvi (S) C:IHVI (SI Ainw) Blnw
S (4-12)
Y,

0

4.1.2 Small signal modeling of paralleled grid-connected inverters

The aim of this section is to establish the small signal model of multiple paralleled
grid-connected inverters and investigate the resonance phenomenon [111]. The
configuration of multiple paralleled grid-connected inverters with LCL filter is
shown in Fig. 4-3.
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Fig. 4-3. The diagram of multiple paralleled grid-connected inverters with grid-current
control [111].

The equivalent circuit of multiple paralleled grid-connected inverters is shown in
Fig. 4-4. For ith inverter, the equivalent grid impedance (Zy ;) looking from ith
inverter is reshaped by the grid impedance paralleled with rest of inverters [111].

Y |
[pi —>
|
L

,[ []zﬂ, [] Z,5 [] Zoy 3

“lot -iy2 =lo(i-1)

Fig. 4-4 The equivalent circuit of paralleled grid-connected inverters looking from ith
inverter [111].

The grid-injected current is given as (4-13).
Po Rty (4-13)

g L P
9 g9
The overall state-space model is established by combining (4-9)-(4-10) and (4-13) as
(4-14) [111].

Xy = AysXys T BgysV (4-14)

sys ¥ pcc
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where x_ =[x, Xpupolg | » Agys=diag('°smr",Anvn—%) is diagonal state matrix,

1 T
Bsys = |:Bimru"'v Binvi'L:|

]
To establish a simplified state-space model, a virtual resistor (R,) is introduced to
define PCC voltage as (4-15) [111].
Vpcc = Rn (i01+i02 +”'+ioi _ig) (4'15)

9

where the value of virtual resistor is selected as R,=1000Q2. The PCC voltage may be
rewritten by combining (4-10) and (4-15) as (4-16) [111].
Voo = NX6 (4-16)

Whel’e N = Rn [Cin\ﬂ.'c © Cinvi ’_1]'

inv2y "
Xsys = I:sysxsys (4'17)
where Fye = Ay + BN is state matrix of overall system. The eigenvalue trace of

state matrix (Fsys) indicates the oscillation characteristic and damping characteristic
of the overall system, which can be used to perform system stability assessment
[111].

(2) Equivalent impedance derivation of paralleled inverters

It is well-known that the impedance-based analysis is able to perform stability
assessment locally at the connection point of components. If state-space model of ith
inverter is removed from the dynamic model (4-14), a new state equation of
paralleled inverters may be formulated as (4-18) [111].

Xsys(i—l) = A‘sys(i—l)xsys(i—l) + Bsys(i—l)vpcc (4_18)
Then, the output current of ith inverter is selected as system output, which is
represented according to Fig. 4-3 as (4-19).

i =1~

oy g (4-19)
Then, the equivalent grid impedance can be directly derived by proposed state-space
model (4-18). The equivalent grid admittance and impedance looking from ith
inverter may be derived as (4-20) and (4-21) [111].

_g(s) _ AVt (4-20)
g_i — Vpcc (S) Cinvi (SI Ainvi) Binvi

02

. (4-21)
g_1 Yg_i

The output impedance of inverter (4-12) and equivalent grid impedance (4-21) may

be adopted to perform resonance assessment locally according to impedance

stability criterion later.
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4.2 Stability assessment of multiple paralleled inverters
4.2.1 Impedance-based stability criterion

As shown in Fig. 4-2, the grid-tied inverter may be modelled as a current source in
paralleled with the output impedance [78]. According to the equivalent circuit
model, the inverter output current can be represented as (4-22).

i <|i (- ! (4-22)
°LT Z,(8) J1+2Z,(8)/Z,(s)

The grid-tied inverter would be stable if the ratio of the grid impedance to the
inverter output impedance (Zy(s)/Z.(s)) satisfies the Nyquist criterion [113].
Assuming the grid impedance intersects with the inverter output impedance at
frequency point f;, the system would be unstable if the phase margin (PM) is less
than zero. The phase margin at intersection point f; could be defined [114]-[115] as
(4-23).

PM (f,)=180" - [42g (f)-«Z,( fi)] (4-23)
The criterion can be applied to the following cases to assess system stability
characteristic. Fig. 4-5 shows the frequency response of closed-loop output
impedance and grid impedance. The stability can be investigated according to phase
characteristic at intersect point of output impedance and grid impedance [78]. It can
be seen from Fig. 4-5 that the intersection point will move upward as the increase of
grid impedance, so that the phase margin is reduced [111].

It can be observed that the intersection points will move upward and the phase
margin at intersection points will be reduced as the increase of grid impedance.
Once the phase difference is higher than 180° which means the negative phase
margin will happen, the system would become unstable [111].

The frequency response of converter-current control is shown in Fig. 4-6. With the
decrease of grid impedance, the intersection point will move backward, and the
system becomes destabilized in this region within which the phase margin of
intersection point is negative [111].
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Bode Diagram
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Fig. 4-5 The frequency response of closed-loop output impedance and grid impedance for
grid-current feedback. (L=3mH, Ci= 5uF, L=1.6mH, Zy/Z3,/743=0.2mH, 1mH, 2.5mH)
[111].
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Fig. 4-6 The frequency response of closed-loop output impedance and grid impedance for

converter-current control. (L=3mH, C;= 9uF, L;=2mH, Z4,/Z/Z;3=1.5mH, 0.9mH, 0.4mH)

[111].

Fig. 4-6 shows the frequency response of closed-loop output impedance and grid
impedance for converter-current control [111]. It can be seen that the intersection
point moves toward right as the decrease of grid impedance, and then the phase
margin is reduced.
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4.2.2 The Proposed Resonance Assessment Method

Different from stability issue of single inverter, the multiple paralleled grid-
connected inverters pose more complex resonance characteristic [111]. Fig. 4-7
shows the frequency response of the equivalent grid impedance with multiple
paralleled inverters, which explains how the multiple inverters reshape the grid
impedance. It can be observed that the phase difference at intersection points of
output impedance and equivalent grid impedance is magnified as the increase of
inverter number [111]. The system would become unstable once the phase margin is
negative.

Bode Diagram

Zo of inverter 1

Zg with 3 inverters
Zg with 5 inverters
Zg with 7 inverters

Magnitude (dB)

20

S
o

Phase (deg)

Frequency (Hz)
Fig. 4-7. The stability assessment for paralleled grid-connected inverters with grid-current
feedback. (Ly=0.5mH) [111].
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Fig. 4-8. The eigenvalue trace of grid-connected inverters. (a) The eigenvalue trace of
individual grid-connected inverter. (b) The eigenvalue trace as the increase of paralleled
inverter number from 2 to 5 [111].
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To investigate comprehensive oscillation and damping characteristic, the eigenvalue
analysis is performed according to the proposed state-space model (4-17). Fig. 4-
8(a) depicts the eigenvalue trace of individual inverter, which are located in left-half
plane and indicates that individual inverter is able to operate stably. Assuming all
the inverters have equipped identical LCL filters, the Fig. 4-8(b) shows the
eigenvalue trace of multiple paralleled inverters system as the increase of inverter
number, where the paralleled inverters are coupled due to grid impedance [111]. It
can be seen that a complex pole pair with oscillation frequency 1.8 kHz occurs,
which indicates the coupling phenomenon among paralleled inverters. With the
increase of inverter number (from 2 to 5), the coupling conjugate pair moves toward
right-half complex plane (unstable region). Hence, the impedance stability analysis
from Fig. 4-7 and the eigenvalue-based stability analysis from Fig. 4-8 obtain the
same results.

To explain the effects of multiple inverters with different LCL filters on equivalent
grid impedance, the frequency response of paralleled grid-connected inverters with
different LC filter is given in Fig. 4-9, where the parameters of case | and case Il are
listed in Table 4-1. It can be observed that the paralleled inverters with different LC
resonance frequency reshape the equivalent grid impedance, which shows that the
case | has a positive phase margin (stable case), while the case Il has a negative
phase margin (unstable). Thus, the different LC filters give different contributions
on grid impedance shaping and system resonance behavior [111]. The phase
difference at intersection points of output impedance and equivalent grid impedance
can be changed as the variation of LC filters.

TABLE4-1
LCL FILTER PARAMETERS [111].
Case | Case Il
Inverter 1 Cqy=5UF, Ly=2mH Cy=5UF, Ly=2mH
Inverter 2 Cg=5UF, L,=2mH Cy=5UF, L,=2mH
Inverter 3 Cg=5UF, Lz=2mH Ci=9uF, L=0.4mH
Inverter 4 Cy=bUF, L,,=2mH Cs=9uF, L4=0.4mH
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Fig. 4-9. The frequency response of paralleled grid-connected inverters (Case | and Case I1)
[111].

Similarly, Fig. 4-10 shows that the eigenvalue trace of single inverter and paralleled
inverters, where the Fig. 4-10(a) depicts the terminal oscillation characteristic of
inverter 1 and inverter 2, and the Fig. 4-10(b) shows the terminal characteristic of
inverter 3 and inverter 4 with different LC filter. Fig. 4-10(c) shows the eigenvalue
trace of paralleled inverters system. It can be seen that the paralleled inverters
system produces a conjugate pole pair that indicates the coupling effect and
dominates system dynamics [111]. The impedance analysis from Fig. 4-9 and
eigenvalue analysis from Fig. 4-10 obtain the identical results.
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Fig. 4-10. The high-frequency oscillation mode (11.,) of grid-connected inverters. (a) The
eigenvalues of inverter 1 and inverter 2. (b) The eigenvalues of inverter 3 and inverter 4. (c)
The eigenvalues of paralleled grid-connected inverter from 2 inverters to 4 inverters [111].

As a superior feature of state-space-method, the participation analysis may be
adopted to identify origins of oscillation modes. The aim of it is to establish the
relationship between state variables and oscillation modes, and identify the origin of
oscillation phenomenon [111]. The participation factor py; of the k th state variable
and i th eigenvalue is defined as [72]
oA a

where the sensitivity of eigenvalue J; to the element a; of the state matrix is equal to
the product of the left eigenvector element ujy and the right eigenvector element vj;
[72].

The participation analysis result for oscillation modes of paralleled grid-connected
inverters with identical filter can be seen in Table. 4-2, where only the magnitudes
of the participation factors are shown due to the angles do not provide any useful
information [111]. It can be observed that the harmonic oscillation modes A;., are
highly sensitive to the states of current controller and time delay of the inverter,
which induces the harmonic-frequency instability [111]. The participation analysis
results for paralleled inverters with different filters are shown in Table 4-3.
TABLE 4-2
PARTICIPATION ANALYSIS FOR INVERTER WITH SAME FILTER (CASE I) [111]

A1 (coupled oscillation mode)
State Participation State Participation
in/ip 0.06/0.06 i/l 0.06/0.06
Xp1/Xpp 0.04/0.04 Xp3/Xp4 0.04/0.04
Voi/Voo 0.13/0.13 Vos/Voa 0.13/0.13
iot/ion 0.03/0.03 i03/loa 0.03/0.03
iy 0.08
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TABLE 4-3
PARTICIPATION ANALYSIS FOR INVERTER WITH DIFFERENT FILTER (CASE I1) [111]

A1 (coupled oscillation mode)
State Participation State Participation
iy/ip 0.03/0.03 ipliy 0.04/0.04
X1/ X2 0.01/0.01 X3 Xps 0.09/0.09
Vo1/Vo2 0.05/0.05 Vo3/Vos 0.2/0.2
io1/ion 0.005/0.005 io3/io4 0.07/0.07
iy 0.11

Fig. 4-11 shows that the frequency response of inverter output impedance for
converter-current feedback and equivalent grid impedance shaped by multiple
paralleled inverters [111]. As the increase of inverter number, the intersection point
moves leftward, which indicates phase margin is increased. Fig. 4-12 shows that the
eigenvalue traces of grid-connected inverters with converter-current feedback, where
the eigenvalue traces of individual inverter and paralleled inverters are shown in
Fig.4-12(a)-(b) [111]. It can be observed that the paralleled system produces a
conjugate pole pair that indicates the coupling effect of paralleled inverters. The
coupling pole pair moves toward left-half plane (stable region) as the increase of
inverter number, which slightly dominates system dynamics [111].

Bode Diagram
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Phase (deg)

Frequency (Hz)
Fig. 4-11. The frequency response of equivalent grid impedance of paralleled grid-connected
inverters. (Li=3mH, C;=10uF, L;=1mH, Z;=0.5mH) [111].
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Fig. 4-12. The high-frequency oscillation mode of system. (a)The eigenvalues of individual
inverter (Aiwi)- (b)The eigenvalues trace of paralleled inverters as the increase of inverter

number from 2 to 4 [111].
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Fig. 4-13. The high-frequency oscillation mode of system. (a) The eigenvalue trace of inverter
1 (Ainy)- (b) The eigenvalues of other inverters. (c) The eigenvalues trace of paralleled
inverters as the increase of inverter number from 2 to 4 [111].

Unlike the grid current-controlled inverters system, the converter current-controlled
paralleled system is slightly affected by equivalent grid impedance, which mainly
depends on the certain inverters with underdamping characteristic [111]. If the LCL
filter parameter is changed due to aging or external disturbances in real plant, the
underdamping behavior of inverters will occur and cause system unstable. It can be

75



observed from Fig. 4-13 that the new underdamping pole pair (/3.,) occurs, which
dominates paralleled system dynamic performance.

4.2.3 The proposed frequency-scanning-based impedance analysis for
grid-connected inverter

A. The procedure of frequency-scanning method

The objective of frequency scanning analysis is to compute the equivalent
impedance looked from the grid into inverter, and the equivalent grid impedance
looked from the grid into inverter. The application of current injection techniques
for the determining the harmonic impedance is shown in Fig. 4-14. In the current
injection method, the small current disturbance is injected into grid-connected
inverter system in particular frequency range. The measurements may be performed
at the same point as the injection point or at a different point [112].

The grid impedance looked from the inverter into the network (Zg), and output
impedance of inverter looked from the network (Z,) can be computed by measuring
the voltage and current at the measuring point, the impedance seen from the point at
different frequencies can be estimated based on Fourier analysis [112]. The
equivalent impedance of the inverter and grid impedance are calculated as (4-25)
and (4-26).

ZO _ F|_\/pc-cis +\/-pcc7diSJ (4_25)
F _Ioifs _Ioiidis
7 = F|_Vpccis +Vpcc7disJ (4_26)
0 Flig o Hig g

where F denotes the Fourier transformation, V. s denotes the PCC (Point of
common) voltage in fundamental frequency, Vi gis denotes the voltage response
excited by disturbance current in harmonic frequency, i s and ig gis are output
current of inverter in fundamental frequency and in harmonic frequency, ig s and
ig_gis are grid-injected current in fundamental frequency and in harmonic frequency.

B. Frequency scanning for grid-connected inverter with grid-current feedback

Fig. 4-14 shows the principle of frequency-scanning method for computing the
equivalent impedance of grid-connected inverter system, where the high-frequency
current disturbances (700Hz-2200Hz) are injected into system [112]. Fig. 4-14 (a)
shows the diagram of current injection for single grid-connected inverter with grid-
current feedback.
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Fig. 4-14. Frequency scanning for single grid-connected inverter with grid-current feedback.
(@) The diagram of current injection. (b) Frequency-scanning-based stability analysis
(Zg/Zg5/Z5=0.1mH, 1mH, 2mH) [112].

The frequency-scanning result is shown in Fig. 4-14(b). The intersection point of
output impedance and grid impedance will move upward as the increase of grid
impedance, and the system would be destabilized in this region within which the
phase margin of intersection point is negative [112]. It can be seen that the
impedance analysis obtained from frequency scanning agrees with the stability
analysis shown in Fig. 4-5.

C. Frequency scanning for grid-connected inverter with converter-current
feedback

Fig. 4-15 shows the frequency-scanning method for grid-connected inverter with
converter-current feedback, where the current disturbances (700Hz-2200Hz) are
injected into system [112]. The diagram of current injection for single grid-
connected inverter with converter-current feedback is shown in Fig. 4-15(a). And
the frequency response results are shown in Fig. 4-15(b). It can be seen that the
impedance performance obtained from frequency scanning agrees with the stability
analysis from small signal model as shown in Fig. 4-6.
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Fig. 4-15. Frequency scanning-based impedance analysis for the converter-current feedback
(Li=3mH, C=9uF, L;=2mH, Z1/Z,/ Z;3=1.5mH, 0.9mH, 0.4mH) [112].

D. Frequency-scanning-based impedance analysis for paralleled grid-connected
inverter

Fig. 4-16 shows the frequency-scanning-based impedance analysis of multiple
paralleled grid-connected inverters with grid-current feedback. The diagram of
current disturbance injection is shown in Fig. 4-16(a). Different from single grid-
connected inverter, the equivalent grid impedance of paralleled inverters is reshaped.
For the ith inverter, the equivalent grid impedance (Zy_;) is reshaped by the grid
impedance (Zy) paralleled with the rest of inverters [112]. The frequency response of
inverter impedance (Z,), grid impedance (Zy) and equivalent grid impedance (Z ;) is
shown in Fig. 4-16(b). Zy; and Zy, are equivalent grid impedance with 1 inverter and
two inverters. It can be seen that the phase margin at intersection points is reduced
as the increase of inverter number.
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Fig. 4-16. Frequency scanning results for multiple paralleled grid-connected inverters with
grid-current feedback (Z,, Zy;). (a) The diagram of current injection. (b) Frequency-
scanning-based stability analysis (Li=3mH, C=5uF, L.=2mH, Z,=0.6mH) [112].

4.3 Simulation Verification

To validate the frequency scanning-based impedance stability analysis, the
simulation and experimental verification are performed in this section.

A. Stability assessment of single grid-connected inverter
Fig. 4-17 depicts the simulation results of single grid-connected inverter with grid-

current feedback in the unstable case. The output current of inverter and PCC
voltage are shown in Fig. 4-17(a) and Fig. 4-17(b). Fig. 4-18 shows the simulation
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results of single grid-connected inverter with grid-current feedback in unstable case.
It can be seen that the resonance phenomenon happens when the grid impedance (Zg)
is ImH. On the contrary, the output current of inverter is stabilized as shown in
Fig.4-18 if the grid impedance is decreased to 0.4mH, then the intersection point of
inverter output impedance and grid impedance is within stable region.
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Fig. 4-17. The unstable case of single grid-connected inverter with grid-current feedback
(Li=3mH, C;=5uF, L;=2mH, Lg=1mH) [112]. (a) The output current of inverter. (b) PCC
voltage.
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Fig. 4-18. The stable case of single grid-connected inverter with grid-current feedback
(Li=3mH, C=5uF, L;=2mH, L,=0.4mH) [112]. (a) The output current of inverter. (b) PCC
voltage.

B. Stability assessment for single grid-connected inverter with converter-
current feedback

Fig. 4-19 shows the simulation results in unstable case for single grid-connected
inverter with converter-current feedback. The output current and PCC voltage are
shown in Fig. 4-19(a) and Fig. 4-19(b). As the decrease of grid impedance, the
resonance phenomenon will happen (L;=1.6mH). On the contrary, the output current
of inverter and PCC voltage are stabilized as shown in Fig. 4-20 when the grid
impedance is increased (L;=2mH) [112]. The simulation results match the stability
analysis shown in Fig. 4-8(a).
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Fig. 4-19. The unstable case of grid-connected inverter with converter-current feedback
(Li=3mH, C=9uF, L;=1mH L,=1.6mH) [112]. (a) The output current of inverter. (b) PCC
voltage.
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Fig. 4-20. The stable case of grid-connected inverter with converter-current feedback
(Ly=3mH, C;=9uF, L;=1mH, Lg=2mH) [112]. (a) The output current of inverter. (b) PCC
voltage.

C. Stability assessment for paralleled grid-connected inverters with grid-
current feedback

The simulation results of paralleled grid-connected inverters with grid-current
feedback (Case I) are shown in Fig. 4-21. The inverter 1 and inverter 2 are paralleled
stably. Once the inverter 3 is activated and paralleled into system at 0.25s, the
resonance behavior in output currents and voltages is observed [112]. When the
inverter 4 is activated and connected to grid, the resonance behavior is aggregated
and the whole system becomes unstable. The simulation results agree with the
analytical results from impedance analysis and eigenvalue analysis as shown in Fig.
4-7 - Fig. 4-8.
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Fig. 4-21. The simulation results of paralleled grid-connected inverter with grid-current
feedback. (a) The output current of inverter 1. (b) The output current of inverter 2.

D. Stability assessment of paralleled inverters with different LCL filters

Fig. 4-22 shows the simulation results of paralleled inverters with identical LCL
filters. The overall grid-connected inverter system is stable even if the inverter3 and
inverter4 are paralleled at 0.25s, whereas different LCL resonance characteristic will
change system stability region [112].

Fig. 4-23 shows the simulation results of paralleled inverters with different LCL
filters. The inverterl and inverter 2 are stably paralleled. Once the inverter 3 and
inverter 4 is paralleled at 0.25s, the system would become unstable that agrees with
the stability analysis results from Fig. 4-9- Fig. 4-10.
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Fig. 4-22. The stable case of paralleled grid-connected inverters with same LCL filters (Case
I1) [112]. (a) The output current of inverter 1. (b) The output current of inverter 2. (c) The
output current of inverter 3. (d) The output current of inverter 4.
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Fig. 4-23. The unstable case of paralleled grid-connected inverters with LCL filters (Case I11)
[112]. (a) The output current of inverter 1. (b) The output current of inverter 2. (c) The output
current of inverter 3. (d) The output current of inverter 4.
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E. Stability assessment for paralleled grid-connected inverters with converter-
current feedback

Fig. 4-24 shows the stable case of paralleled grid-connected inverters with
converter-current feedback. In this case, the inverterl and inverter2 operate stably,
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the paralleled system still keeps stable after the inverter 3 and inverter 4 is connected

into system. The simulation results agree with the resonance analysis from Fig. 4-
11- Fig. 4-12.
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Fig. 4-24. The stable case of paralleled grid-connected inverters with converter-current

feedback [112]. (a) The output current of inverter 1. (b) The output voltage of inverter 2. (c)
The output voltage of inverter 3.

Fig. 4-25 shows the unstable case of paralleled system with converter-current
feedback. At the beginning, the paralleled inverters system operates stably. Once
the inverter 4 gives rise to oscillation behavior due to self-underdamping at 0.2s, the
oscillation phenomenon will happen in current response. Then, the resonance
behavior is propagated to the whole paralleled system and finally causes system

instability [112]. The simulation results agree with the stability analysis from Fig. 4-
13.
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Fig. 4-25. The unstable case of paralleled grid-connected inverters with converter-current
feedback [112]. (a) The output current of inverter 1. (b) The output current of inverter 2. (c)
The output current of inverter 3. (d) The output current of inverter 4.

4.4 Experimental verification

Fig. 4-26 shows the circuit configuration and experimental setup of the paralleled
grid-connected inverters in this work, which is composed of three Danfoss
converters (5kW), DC power source (750V), isolated transformers and LCL filters.
The whole platform is controlled by dSPACE 1006 with a sampling period (Tgy) of
100us. The grid-side filter inductance includes line inductance (L) and leakage
inductance of the isolation transformer (Ltgy).
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Fig. 4-26. The experimental setup. (a) System configuration. (b) Photo of experimental setup
[112].

A. Stability assessment of single grid-connected inverter
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Fig. 4-27. The experimental results in unstable case for single grid-connected inverter with

grid-current feedback (L=3mH, C=5uF, L;=2mH, L;=0.8mH) [112]. (a) The output current

of inverter. (b) PCC voltage.
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Fig. 4-28. The experimental results in stable case for single grid-connected inverter (Ly=3mH,

Ci=5uUF, L;=2mH, L,=0.3mH) [112]. (a) The output current of inverter. (b) PCC voltage.

Fig. 4-27 shows the experimental results of unstable case for single grid-connected
inverter with grid-current feedback, and Fig. 4-28 shows the experimental results of
stable case for single grid-connected inverter.

B. Stability assessment of multiple paralleled inverters system

The experimental results of paralleled grid-connected inverters with grid-current
feedback control in weak grid (LmH) are shown in Fig. 4-29. Fig. 4-29(a) shows the
inverterl can operate stably. Once the inverter 2 is activated and paralleled into grid,
the resonance phenomenon in output currents is observed as shown in Fig. 4-29(b).
When the inverter 3 is connected into grid, the resonance outputs are aggravated as
shown in Fig. 4-29(c). Hence, the resonance behavior of inverters is induced due to
the increase of inverter number. The experimental results verify the analytical results
from stability analysis from Fig. 4-7- Fig.4-8.
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Fig. 4-29. The resonance phenomenon of paralleled grid-connected inverters. (@) The A
phase output current of single inverter. (b) The A phase output current of two paralleled
inverters. (c) The A phase output current of three paralleled inverters. [112]
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Fig. 4-30. The experimental results of paralleled inverters with same LC filters.
(Li/Lip/Lig=3mH/3mH/3mH,  Cy/Cr,/Cis=5uF/5uF/5uF,  Lgy/Le/La=2.6mH/2.6mH/2.6mH)
[112]. (a) The A-phase output currents (5A/div) of inverters when inverter2 is connected to
grid. (b) The A-phase output currents (5A/div) of inverters when inverter 3 is connected to

grid.
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Fig. 4-31. The experimental results of paralleled inverters with different LCL filters.
(Lso/Lep/Liz=3mH/3mH/3mH, Cy/Cr/Cz=5uF/10uF/10uF, L¢y/Leo/Lc3=0.3mH/0.3mH/0.3mH)
[112]. (@) The A-phase current of inverter 1 independent operation. (b) The A-phase current
of inverter 2 independent operation. (c) The A-phase current of inverter 3 independent
operation. (d) The A-Phase output currents (10A/div) of inverters when inverter 2 is
connected to grid. (e) The A-Phase output currents (10A/div) of inverters when inverter 3 is
connected to grid.

Fig. 4-30 shows the experimental results of paralleled inverters with same LCL
filters. The inverterl operates stably at the beginning. After the inverter2 and
inverter3 is activated and connected to grid, the whole system still keeps stable.

Fig. 4-31 shows the experimental results of paralleled inverters with different LCL
filters. Fig. 4-31(a)-(c) shows that the individual inverter is able to operate stably in
weak grid. Fig. 4-31(d)-(e) shows that the inverterl and inverter 2 can be paralleled
stably, once the inverter 3 is activated and connected to grid, the resonance behavior
among paralleled inverters will happen [112]. In the case, the participation of
inverter 3 cause the system resonance, which agrees with the resonance analysis
results from Fig. 4-9-Fig. 4-10.
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Fig. 4-32. The experimental results of paralleled inverters with converter-current feedback.
(Li/Lip/Lig=3mH/3mH/3mH, C;1/Cs,/Cis=5uF/10uF/10uF, Lg4/L/Leg=2.6mH/2.6mH/2.6mH)
[112]. (a) The A-phase current of inverters in stable case. (b) The A-phase current of 3
inverters if the 3th inverter operation with underdamping.

Fig. 4-32 shows the experimental results of paralleled inverters with converter-
current feedback. Fig. 4-32(a) shows that the individual inverter can operate stably,
even if the inverter 2 and inverter 3 are activated and connected into grid, the system
still is stable. Fig. 4-32(b) shows that the underdamping behavior of inverter 3 will
cause the oscillation of whole paralleled inverters system, which agrees with the
stability analysis from Fig. 4-32.

4.5 CONCLUSION

A state-space-based impedance stability analysis for multiple paralleled grid-
connected inverters is presented. State-space model of multiple paralleled grid-
connected inverter system is established, where the derivation of equivalent grid
impedance looked from each inverter is explained. Furthermore, the resonance
origin of paralleled inverters system with grid-current feedback and converter-
current feedback is investigated. The proposed method is able to perform stability
assessment locally at the connection points of component. Also, the eigenvalue-
based participation analysis can be performed to identify the root causes of
oscillation modes. The proposed method establishes the bridge between the state-
space modelling and impedance stability criterion and combines the advanced merits
of the two methods to perform resonance analysis [112]. Simulations and
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experimental results are provided to validate the effectiveness of the proposed
method.
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CHAPTER 5. CONCLUSIONS

The aim of this chapter is to give a summary about the Ph. D project and emphasize
the main contributions. The main work and contributions can be described as
following.

5.1 Conclusions

(1) A state-space-based harmonic stability analytical method in inverter-interfaced
power systems is proposed. An overall state space model combining DG inverters,
network dynamics and loads is first developed. Then, harmonic oscillation
characteristic is assessed by analyzing eigenvalue traces, where the contribution of
each state variable on harmonic oscillation modes is evaluated through participation
analysis. In addition, a reduced-order model for harmonic instability analysis is
presented according to participation analysis results. The analytical results show that
inner current controller, voltage controller and digital control delay have essential
effects on harmonic instability in inverter-fed power systems.

(2) A component connection method-based modeling and small-signal stability
analysis is proposed for inverter-fed power system. First, the power system is
partitioned into different components, and each component is independently
modeled. Then, all the component models are assembled to form a composite system
model according to terminal interconnection relationship. The terminal characteristic
of inverter is investigated by means of frequency response and eigenvalue trace
analysis. Finally, an eigenvalue-based approach is proposed to assess low-frequency
and high-frequency instability, the influence of controller parameters on small-signal
stability are assessed through eigenvalue trace diagram. The analytical results show
that both low-frequency and high-frequency instability may happen in inverter-fed
power system, which indicates the parameters of multiple control loops have
different contributions on instability phenomena in a wide frequency range.

(3) A state-space-based impedance stability analysis for multiple paralleled grid-
connected inverters is presented. State-space model of multiple paralleled grid-
connected inverter system is established, where the derivation of equivalent grid
impedance looked from each inverter is explained. Furthermore, the resonance
origin of paralleled inverters system with grid-current feedback and converter-
current feedback is investigated. The proposed method is able to perform stability
assessment locally at the connection points of components. Also, the eigenvalue-
based participation analysis can be performed to identify the root causes of
oscillation modes. The proposed method establishes the bridge between the state-
space modeling and impedance stability criterion and combines the advanced merits
of the two worlds to perform resonance analysis.
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5.2 Outlook

In this project, stability assessment methods of inverter-fed power system and
paralleled grid-connected inverters have been proposed, which is suitable for
different situations. But there are still further topics should be addressed in this
research field. On the basis of contributions in this Ph. D project, some potential
research topics are given as following.

(1) Stability assessment methods of inverter-fed power system with inverter-fed
active load and constant power load should be developed. In modern distribution
network, the inverter-fed generators and loads will play important roles. Hence,
stability issues should be further investigated. Also, the control technologies for
oscillation damping also should be developed.

(2) Although the stability issues have been developed in this project, active damping
methods of multiple paralleled grid-connected inverters should be addressed in
future research work.

(3) Stability issues with consideration of the intermittent of renewable energy
sources should be addressed.
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