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Summary

The Impact of Voltage-Source-Converters’ Control on the Power System
The stability analysis of a power electronics dominant grid

The ongoing energy transition is transforming the fossil-fuel based energy system of today
into a more sustainable energy system of the future. This transition is accelerated by the
Paris agreement, which aims to significantly reduce the global CO2 emission levels. The
grid-connected Voltage-Sourced Converter (VSC) is considered to be the underpinning
technology for the success of this energy transition. It not only integrates the intermittent
renewable generation into the electric power system, but also aids in improving the end-
use energy efficiency amidst the widespread electrification of the heating/cooling and the
transport sectors, for example. These are the first signs of a power electronics dominant grid
taking shape, confirmed by the rapid increase in penetration level of grid-connected VSCs
in today’s electric power system.

To provide engineering insights into the design, analysis and operation of such a future power
electronics dominant grid, this thesis investigates the fundamental, electrical impact of three-
phase, grid-connected VSCs on the power system. Such VSCs are used in applications such
as: a type-4 wind turbine generator, a Photo-voltaic (PV) generator, a Battery Energy Storage
System (BESS) and an Electric Vehicle (EV) charging station, together with their associated
control strategies.

First the operating principles of the previously mentioned VSC applications are given.
A generic circuit design, suitable for all the aforementioned applications, is derived and
subsequently used for the modelling, design and analysis of its impact on the power system.

When modelling the VSC, since the VSC’s AC output filter model is continuous, converting
the time-discrete power electronics circuitry into the time-continuous system is favoured over
the data-sampled system approach. Based on this, a small-signal, LinearTime Invariant (LTI)
system is derived for the generic, grid-connected, two-level, VSC by applying the state-space
averaging- and the Taylor series linearization method.

As the dynamics of the power electronics equipment are mainly dictated by the assigned
controllers, all the parts of a typical control strategy of the VSC is investigated. First, the
phase-locked loop (PLL), a popular grid voltage synchronization technique, is investigated.
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vi Summary

In this regard, the performance of the Synchronous Reference Frame (SRF)-PLL, the Double
Dual Synchronous Reference Frame (DDSRF)-PLL, the Dual Second Order Generalized
Integrator (DSOGI)-PLL, and the DSOGI- Frequency Locked Loop (FLL) are studied and
critically compared. It is shown that the DSOGI-PLL gives the best performance when
compared to the SRF-PLL and the DDSRF-PLL. The DSOGI-FLL has shown a strong
potential to offer better performance under transient grid events. The combination of using
the DSOGI-FLL and the Proportional Resonance (PR) controller with frequency tracking
only is deemed promising despite the identified difficulties with the tuning of the FLL
parameters together with the adaptive nature of the non-linear controller, which prohibits
the direct use of linear control theory.

Based on the small-signal model of the SRF-PLL, the impact of the PLL on the power system
frequency stability is studied using the Bonaire island power system, which has a low inertia
characteristic - that will be characteristic for future power systems with a high penetration
level of renewable generation – as a case study.

For the fast Rate-of-Change-of-Frequency (ROCOF) event that could be caused by a grid
fault, a VSC with a slow PLL dynamic has been shown to deliver less active power to the
grid during the fault, causing an increased power unbalance and a low frequency nadir.
Furthermore, it consumes additional reactive power during the fault, which hinders the
system’s voltage recovery. As a consequence, when designing inertia emulation- and fast
frequency support control strategies, the trade-off between a high PLL bandwidth - for fast
transient dynamics - and a slow PLL bandwidth - for stable operation in weak grids - should
be taken into account.

While the PLL accurately tracks the phase angle of the grid, the inner Alternating Current
Control (ACC) regulates the current injection into the power grid. This thesis studies the
ACC for both the Inverter-side Current Control (ICC) and the Grid-side Current Control
(GCC). The closed-loop, small-signal, transfer function diagrams of the ICC and GCC
schemes are given and the small-signal stability is evaluated by applying the Nyquist Stability
Criteria (NSC) to the open-loop gain.

The inherent critical stability frequency (fs/6) is then found, considering the synchronous
PWM sampling. The digital delay, from the input admittance point of view, produces
negative resistive above the critical stability frequency (fs/6) and can cause small-signal
voltage instability when the impedance resonance point formulated by the LCL filter and
the equivalent grid impedance has insufficient positive resistive damping at the resonance
peak point.

Applying the NSC to the open-loop gain is useful for the small-signal stability analysis of
a single grid-connected VSC but has significant shortcomings for multiple devices. The
impedance-based stability method outlined in this thesis, provides an equivalent analytical
method for the NSC.The impedance-based stability method - applying the generalized NSC
- allows for a complex grid impedance to be obtained from a frequency sweep, instead of
explicitly expressing its transfer function in the s-domain. Additionally, it can assess the
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overall system stability at the point of interest by deriving the input admittances of the
VSCs independently and evaluating the impedance ratio eigen values, accordingly. It is,
therefore, identified as a simple yet effective technique when it comes to the small-signal
stability analysis of multiple VSCs connected in close proximity.

This thesis introduces the impedance-based stability method, followed by a step-by-step
derivation of the 2×2 input admittance matrix of a generic, grid-connected VSC taking into
account its ACC and PLL in both the dq-frame and the αβ-frame. The experimental results
show a close match to the analytical outcome of the impedance-based stability method,
thereby validating its effectiveness.

The PLL impedance-shaping effect has been found to be operating point dependent and
identified as a dominant contributor to the small-signal voltage stability under weak grid
conditions. The controller bandwidth of the PLL and the current set-points together
determine the magnitude of the equivalent negative resistance while operating in the
generation mode and the STATCOM inductive mode. Increasing the ACC controller
bandwidth can effectively offset the negative impact brought about by the PLL and improve
the phase margin of the overall voltage stability.

This thesis proposes an analytical derivation of the Norton equivalent impedance considering
the ACC and PLL impedance shaping effect, in contrast to the empirical approach typically
used before. The experimental results verify that such an analytical approach accurately
represents the wide bandwidth frequency behaviour of a typical, two-level, three-phase, grid-
connected VSC.

In the low-frequency range, in which the PLL controller is active, the Norton equivalent
impedance is set-point dependent and can be represented as a 2 × 2 Multi-Input-Multi-
Output (MIMO) complex space impedance matrix. In the dq-frame, the non-diagonal
element of the 2×2MIMO complex space impedance matrix represents the cross-coupling
between the positive sequence and the negative sequence impedance. In the αβ-frame, the
non-diagonal element of the 2 × 2 MIMO complex space impedance matrix indicates the
cross-frequency coupling of the frequency dependent impedance across 100 Hz.

In the mid-frequency range, in which the ACC controller is active, the Norton equivalent
impedance is no longer set-point dependent and can be represented as a Single-Input-Single-
Output (SISO) capacitive impedance with a positive resistive damping.

Outside the active frequency range of the ACC, the frequency response of the Norton
equivalent impedance is dictated by the inductor with an additional positive resistive
damping as a result of the skin-effect.

A study case is presented with regards to the harmonic resonance risks associated with
a massive penetration of UFCS into the Dutch MV grid. It is found that the VSC-
interfaced UFCS can (1) influence the network impedance resonance point and (2) cause
characteristic harmonic current emission from neighbouring power electronics applications
to be amplified. Also, the VSCs’ control will add resistive damping to the power system as
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determined by the ACC controller, reducing the peak amplitude of the resonance impedance.

This thesis provides the engineering tools to accurately and reliably analyse the interaction of
many VSC controllers with the grid in a future power electronics dominated grid scenario.
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1
Introduction

Economic and population growth have been the driving force of ever increasing energy
demand as shown in Fig. 1.1, where the world population and the economy measured in
GDP, since the 1980, are shown with respect to the energy supply. The utilization of fossil-
fuel energy, in fact, dated back to the first industrial revolution by the discovery and use of
coal, which enabled the transition from the manual labor methods to the machines driven
by coal-powered steam engines. The discovery and use of crude oil began to revolutionize
the energy landscape by first replacing the coal as the ”industrial blood” and later becoming
the liquid fuel for the internal combustion engine, which created the mobility for travel and
fostered the transport sector. The second industrial revolution was a period of rapid industrial
development characterized by the widespread use of machinery in manufacturing, the use of
petroleum and the beginning of electrification. Electrification began to intensify in the post-
war era with the construction of large central power plant and the rapid expansion of the
AC power system. Being an efficient and flexible energy source, electricity started replacing
the direct use of coal and oil in the industrial processes but rather transformed them into
electricity via the centralized power production first with the steam turbine, then the gas
turbine, and eventually the combined cycle gas turbine with an overall efficiency above 50%.
The invention of semiconductors marked the dawn of the third industrial revolution that is
featured by the invention of computers, cellular telephones, and internet, all of which are
essential digital tools of our modern everyday life. The third industrial revolution has led
the electricity to become an indispensable part of the everyday life and a precondition for
the functioning of a modern society. It is used to provide the energy needed for operating

1



2 Chapter 1: Introduction

information and communication technology, transportation, lighting, food processing and
storage as well as a great variety of industrial processes, all of which are characteristics of
a modern society [1]. The ever increasing use of electricity in the modern society and the
development of large combustion turbines such as gas turbines have promoted fossil fuels to
become the ideal primary source for the centralized electricity generation.

Figure 1.1: Energy transition outlook of GDP growth, population growth, energy supply, and
the energy-related CO2 emissions (Courtesy: DNV GL)

This traditional way of electricity generation was unquestionable until the beginning of the
oil crisis in the 1970s. On the one hand, the high oil prices propelled politicians and
scientists to actively seek for alternative primary energy sources to reduce the reliance on
fossil fuel; the rapid development of the power production from renewables, such as wind
and solar power, was the direct response to reduce the dependency on the fossil fuel and
strengthen the security of energy by promoting the decentralized sustainable energy supply.
On the other hand, the efficiency and the environmental concerns over the traditional fossil
fuel combustion drew more public attention. The Inter-governmental Panel on Climate
Change (IPCC) stated in their 2014 fifth assessment report [2] that ”Human influence
on the climate system is clear and recent anthropogenic emissions of Green-House Gases
(GHG) are the highest in history. Recent climate changes have had widespread impacts
on human and natural system”. The Paris Agreement followed in 2015 brought together
all nations to recognize the impacts of climate change identified in the IPCC report and
agree on the joint endeavour to combat climate change by significantly reduction of GHG
to keep the climate change below 2oC recommended by IPCC. The European Union has
one of the most ambitious carbon emission reduction goal - a 80%-95% reduction on the
GHG by 2050 compared to 1990 [3]. Concluded from the European 2050 low-carbon
economy policy [4], the electrification of the transport, the buildings and the industry
sectors has the potential to achieve significant efficiency improvement, hence the GHG
reduction on the energy use by 2050. However the actual GHG reduction potential depends
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heavily on the GHG-free renewable energy mix of the grid. To meet the Paris Agreement
target on the GHG reduction, a future electrification scenario is thus envisioned where the
energy is produced by renewable sources, such as wind and solar, and the end energy-use
in the transport, the building, and the industrial sectors are supplied by the electricity. The
evolution of the electricity generation, transmission/distribution, and the end-use are shown
in Fig. 1.2, where the upper-side features the end-use of electricity from the light-bulb
to the transportation and heating/cooling powered by the electric locomotives/cars and the
heat pumps while the lower-side features the electricity generation from the fossil-fuel driven
mechanical turbines to the renewables, such as wind and solar. Admittedly, the power grid
plays a vital role to facilitate the intermittent renewable energy production, such as wind and
solar and ensure reliable and affordable electricity distribution to the end energy-use. Power
electronics, being an underpinning technology for the future electrification, are increasingly
been applied in the sustainable energy eco-system comprising renewable energy production,
transmission/distribution and the electrification of end energy-use thanks to its high degree
of flexibility and controllability in the power processing/conversion.

Figure 1.2: Electrification of yesterday, today and tomorrow (Courtesy: DNV GL)

Unlike the Line Commutated Converters (LCC) that requires large footprint for the output
filter as a result of low switching frequency, the further development of self-commutated
semiconductor devices (e.g. cost reduction, higher switching frequency, larger current
rating, higher insulation voltage tolerance etc) and fast digital controllers has accelerated the
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adoption of grid-connectedVoltage-SourcedConverter (VSC) in themotor driven processes,
the renewable power generation and the high-voltage direct-current (HVDC) connections
worldwide. The concept of a power electronics dominant power grid is starting to take
shape as the penetration level of grid-connected VSCs further increase in today’s electric
power system.

One the one hand, the power system stability, once dominated by the synchronous
generation units, will be strongly influenced by the grid-connected VSCs. The wide control
bandwidth of VSCs therefore demand the industry to investigate harmonic oscillation
(i.e. up to 2.5 kHz following the power quality standard EN 50160) in addition to the
traditional electro-mechanical and transient stability. Consequently the wider harmonic
stability is of great importance for the stable operation of a future power electronics based
grid, where controllers of various grid-connected VSCs should be inter-operable without
invoking resonances. The dynamic interactions among the power grid and VSCs tend to
cause oscillations in a wide frequency range and has recently been reported in both the
wind [5] and the PV power plants [6]. Similar instability has also been reported in the railway
power systems, leading to the standardization of impedance characteristics of concerned
power electronics equipment [7].

On the other hand, in the context of increasing renewable generation, the system frequency
stability margin decreases with the reduction of system inertia leading to rapid frequency
variation in AC power system. Typically, for a large inter-connected power system, the total
kinetic energy buffer provided by all the inter-connected synchronous generators is large.
In this case, local disturbances (e.g. generator trip, load rejection, short circuit fault etc.)
cause only mild frequency variation thanks to the total system mechanical inertia. However
the reduction of system inertia due to the emergence of a power electronics dominant
grid presents the fast Rate of Change of Frequency (ROCOF) challenge not only to the
synchronous generator rotor shaft but also to the grid synchronized VSCs.

To provide insight for the design/analysis and operation of a future power electronics
dominant grid, this thesis investigates the modeling principle of grid-connected VSCs and
the corresponding system stability analysis methodology to address the voltage and frequency
stability challenges brought by the increasing number of grid-connected VSCs.

1.1 Research questions

The ever increasing number of VSCs connected to the existing power grid will fundamentally
change the characteristics of existing AC power systems, whose dynamics is predominately
controlled by the inter-connected synchronous generators. The high control bandwidth and
non-linear nature of VSCs present a broad range of challenges leading to the main research
question below:
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what is the impact of three-phase, grid-connectedVSCs, such as type-4 wind turbine,
PV generator, Battery Energy Storage System (BESS), EV charging station, and their
associated control strategy on the power system?

In order to adequately address this main research question, it is prudent to further divide it
into a number of sub-questions. The first sub-question arises immediately as: what is the
operating principle of the selected grid-connected VSCs and their impact on the overall
operation and stability of existing power systems. To limit the scope of this thesis, the
grid-connected VSC applications are narrowed down to the full converter based VSCs such
as Type-4 wind turbine, Photo-voltaic (PV), Battery Energy Storage System (BESS), and
Ultra-Fast Charging Station (UFCS) all of which are critical puzzle pieces for the envisioned
future electrification scenario and are expected to dominate the future power systems. A
common circuit topology and control scheme for the selected VSC applications will be
derived together with its modeling methodology, which is essential for the system stability
analysis, and gives rise to the second and third sub-questions. Following the literature review
of the state-of-the-art and the operation principle of the selected VSC applications, the four-
quadrant control principle of grid-connected VSCs, common for all the VSC-interfaced
grid applications, is discussed and the design considerations are elaborated on the unit
level. Sub-question 4 and 5 pose research questions on the system level stability, where
the grid-connected VSCs, the synchronous generators, and the passive grid components
should operate in harmony without invoking resonances/stability issues in the future power
electronics dominant grid. The sub-questions are summarized as follows:

1)What is operation principle of the selected grid-connected VSC applications and
their overall impact on the operation and stability of future AC power system?
(Research sub-question 1)

2) How can we realistic model the time-discontinuous, non-linear, three-phase,
grid-connected VSCs? (Research sub-question 2)

3) What are the typical control strategies applicable to the three-phase, grid-
connected VSCs? (Research sub-question 3)

4) What are the stability/design criteria that could assess and ensure that various
grid-connected VSCs operate within the vicinity of each other without invoking
unintended resonances? (Research sub-question 4)

5) What is the suitable stability analysis method and how to apply it to the future
power electronics dominant grids to actively manage the integration risks of VSCs
and improve the hosting capacity of AC power systems? (Research sub-question 5)
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1.2 Thesis outline

The research questions posed in the previous section are addressed in the five main chapters
of this thesis. In each of the chapters, one of the sub-questions is assessed. The chapters are
organized as follows.

Chapter 2: Impact of grid-connected VSC

Chapter 2 begins with the operation principle of the selected VSC applications, followed by
the derived generic, grid-connected VSC. Its power stage circuit model and the associated
control strategy are explained in Chapter 3 and Chapter 4 respectively. A high level impact
assessment of the grid-connected VSC is performed on the stability and the operation of a
power electronics dominant grid in the end.

Chapter 3: Model of grid-connected VSC

This chapter describes the modelling technique applied to the three-phase grid-connected
VSC, which is essentially a discrete closed-loop controlled non-linear system. First, the
conventional averaged power electronics modelling technique and small signal linearization
method is introduced. As part of the challenges foreseen in the power electronics dominant
grid, where the system harmonics are dynamically coupled and interacted, a small signal LTI
model is derived for the design/analysis of closed-loop controlled, two-level, grid-connected,
VSC.

Chapter 4: Control of grid-connected VSC

This chapter discusses the design principle and control strategy of the grid-connected VSC,
commonly applied to the selected VSC applications summarized in Chapter 2. Starting
with the elaboration of the grid synchronization using the phase locked loop, this chapter
continuous discussion of the alternating current control of the grid-connected VSC. The
closed-loop transfer function of the grid-connected VSC is revealed for both the inverter
side current and grid side current control schemes. Their inherent stable operation region
is concluded. To extend the inherent stable operation region, the state-of-the-art capacitor
current feedback active damping method is introduced and applied for both the inverter side
current and grid side current control schemes. Time domain simulations are performed to
verify the small-signal stability prediction following the Nyquist Stability Criteria (NSC).
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Chapter 5: Impedance-based stability analysis

For the study of the small-signal stability in the power electronics dominant grid, the
impedance-based method is identified as an effective yet simple technique to investigate the
interaction among multiple VSC devices, where the individual VSC devices are represented
by their equivalent passive, frequency-dependent, impedance. In this chapter, the input
admittance of a grid-connected VSC is derived analytically in both the dq-frame and the
αβ-frame. Experiments are performed in the down-scaled laboratory setup and the results
are found to closely match the stability prediction following the impedance-based stability
method.

Chapter 6: Stability of power electronics dominant grid

Built upon the modelling, the control strategy and the design/analysis principle of the
common grid-connected VSC interface elaborated in the previous chapters, three futuristic
power electronics dominant grid cases are investigated covering:

• Frequency stability analysis of Bonaire island power system

• Voltage stability analysis of grid-STATCOM interaction.

• Harmonic resonance analysis of UFCS grid integration

The frequency stability challenge is addressed in the study case of Bonaire island power
system. In the study case of grid-STATCOM interaction, the impact of PLL dynamics
on the small-signal voltage stability is highlighted. In the study case of the massive UFCS
integration into the distribution grid, the derivation and use of a Norton equivalent model
of the grid-connected VSCs are demonstrated and concludes with the recommendations for
the steady-state harmonic resonance/propagation analysis method to be used in the future
power electronics dominant grid.

The thesis will conclude with discussions and recommendations for future research work.



8 Chapter 1: Introduction



2
Impact of Grid-Connected VSC

A simple classification of grid-connected power electronics is shown in Fig. 2.1 based on the
classification of the high power motor drives summarized in [8, 9]. The direct conversion
features the Cycloconverter (CCV) and the Matrix Converter (MC), while the indirect
conversion features both the Current Source Converter (CSC) and the Voltage Source
Converter (VSC) family. The use of direct converter is limited in grid-connected power
electronics application due to the unavailability of four-quadrant semiconductor device, the
complex topology, and the poor fault current tolerance. The indirect type of conversion is
therefore favored due to the simple topology, the matured linear control, and the inherent
fault tolerance capability. The indirect converter can be further classified into the CSC-based
and the VSC-based (darkened in Fig. 2.1).

Thanks to the rapid development of self-commutated semiconductor devices (e.g. IGBT,
GTO, SGCT/IGCT), the CSC and the VSC types can be built with an increased switching
frequency, full reactive power control capability, and a significant reduced output filter
requirement in comparison to that of the thyristor based Line Commutated Converter
(LCC). CSC requires uni-direction, symmetrical, semiconductor device (e.g. GTO, IGCT)
or asymmetrical device with a power diode connected in series (e.g. IGBT) and a large
DC inductor for four-quadrant operation [10, 11]. Except for some reported applications
in the Medium-Voltage (MV), high-power drives [8, 9, 11–14], CSC in combination with
self-commutated devices is seldom found in the Low Voltage (LV) medium/low power
applications, e.g. renewable generation, battery energy storage, power grid technologies,
and EV charging [13, 15, 16]. Although the use of a large DC link inductor makes the

9
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CSC conversion inherently tolerate the fault current and protect the semiconductor device,
it also increases the overall system volume and results in slow current dynamics, which are
crucial for their grid integration [13, 17]. Furthermore, the use of a large DC link inductor
brings higher conduction losses due to its equivalent AC resistance in comparison to the
Equivalent Series Resistance (ESR) of the DC link capacitor used in the VSC [18, 19]. In
summary: the availability of high-power, high-voltage, symmetrical, semiconductor devices,
such as GTO and IGCT,makes CSC conversion only attractive in theMVhigh powermotor
applications, which is not sensitive to the current dynamics and has a decent switching losses
due to a low switching frequency normally around 200 Hz for GTOs and 500 Hz for IGBTs
and IGCTs [20].

Figure 2.1: Classification of the grid-connected power electronics

Contrary to the CSC, the VSC requires bi-direction switch that is typically made up of an
asymmetrical device (e.g. IGBT, GTO, IGCT) with an anti-parallel diode and a large DC
capacitor for four-quadrant operation [15, 16]. The rapid development of high-voltage and
high-current IGBT has made VSC popular for the Low Voltage (LV) low/medium power
applications and even for the high power applications, e.g. ENECON E-126 7.5 MW,
by the parallel connection of multiple units [13]. The grid-connected VSC with IGBT
technology provides the high-switching frequency, and the short-circuit limiting capability,
and the low resistive losses on the DC link capacitor, all of which make the VSC preferred
grid interface for the power processing of the grid-connected applications envisioned in the
future electrification scenario, detailed in Chapter 1. However, the power grid technical
boundaries/constraints for the correct operation of the grid-connected VSCs should still be
examined and defined for its application.



2.1: Review of selected VSC-based applications 11

The remainder of this chapter is organized as follows: first, the operating principle of the
selectedVSC-based applications, i.e. wind turbine system, PV system, battery energy storage
system, and EV charging system, are reviewed with the aim to conclude the generic grid-
connected VSC for the design and analysis in the rest of this thesis. Next, the challenges
associated with the high penetration of grid-connected VSCs are examined on a high-level,
from which the detailed analysis are follows in the consecutive chapters.

2.1 Review of selected VSC-based applications

2.1.1 Type-4 wind generator system

A wind turbine generates electric power by extracting kinetic energy from the wind via the
rotor blades and converting it into aerodynamic/mechanical torque that drives an electric
generator. Due to the intermittent nature of the wind speed, electricity generated from the
wind is firstly processed by the power electronics interface before feeding it into the AC power
grid. Variable speed wind turbine generators, i.e. type-3 and type-4, are most popular in the
current market due to their high overall efficiency in comparison to that of type-1 and type-2
wind turbines. Despite a large installed basis, type-3 wind turbines using the Doubly-Fed
Induction Generator (DFIG) technology has only limited reactive power control due to the
fact that the power electronics interface coupled to the rotor is typically only rated at 30% of
the turbine nominal power. The further cost reduction on the power electronics and more
stringent grid-code requirements on the wind turbine dynamic performance makes the type-
4 direct-drive full converter wind turbine an attractive solution for the application. It should
be noted that not only the type-4 wind turbine has better fault-ride through performance
compared to that of the type-3 wind turbine thanks to the full power VSC interface. The
gear-less design of the direct-drive concept also made the type-4 wind turbine particular
favourable in the context of offshore wind farms, where the mechanical drive-train of the
type-3 DFIG wind turbine have reported reliability issues.

Fig. 2.2 illustrates the three-phase, type-4 wind turbines, where the wind power is captured
by the wind turbine rotor blades. The Maximum Power Point Tracking (MPPT) is realized
by keeping an optimal tip speed ratio λ =

ΩgenRgen

vwind
following a given aerodynamic design

of the rotor blade shape. Ωgen is the generator rotational speed in rad/sec, Rgen is the
rotor radius, the product of ΩgenRgen denotes the tip speed of the blade, and the vwind

indicates the wind speed in m/s. The generator side AC/DC converter (indicated by the
orange block on the left-hand side of the converter area within Fig. 2.2) regulates the
current igen, consequently the torque, following the Field Oriented Control (FOC) or the
Direct Torque Control (DTC). The generator speed Ωgen will be indirectly regulated to the
optimal speed defined by theMPPT algorithm. For a given wind speed, a theoretical optimal
generator speed Ωgen exists for a given wind turbine type, hence the need for the variable-
speed wind turbine generator that ensures the maximum power generation efficiency, also
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when considering slow time varying wind speed (i.e. typically below 0.1 Hz rang, excluding
gust and turbulence influences). θpitch regulates the rotor blade pitch angle to limit the
power output when the power production is above the rated value. Aerodynamic-torque
captured by the rotor blade will then be transferred to the mechanical drive-train, that is
directly coupled to the shaft of the electric generator (e.g. Permanent Magnet Synchronous
Generation (PMSG) or Synchronous Generator (SG) or Induction Generator (IG)). Next,
the electricity from the electric generator will be processed by the back-to-back converter
typically realized by VSCs. On the generator side converter (orange AC/DC block on the
left of the power converter block in Fig. 2.2), output LC filter is used for limiting the high
du/dt resulting from the fast switching of the IGBT devices. An output LC filter plus
the transformer on the grid side converter (orange DC/AC block on the right of the power
converter block in Fig. 2.2) formulate the LCL filter for the attenuation of higher harmonics.
vdc is regulated by the DC/AC (grid side inverter) to rapidly transport the available electrical
energy from the electric generator. During grid fault condition, a chopper circuit connected
in parallel will be activated to regulate the DC capacitor link by dissipating excessive energy
coming from the electric generator. vg and ig are the voltage and the current measurements,
required for the grid voltage synchronization and the inner current control, respectively.
Additional selected advanced functions, which are essential for the future grid-friendly VSC,
are also listed in the red dashed rectangle including: Power Quality (PQ) improvement,
virtual inertia, black start, and power oscillation damping.

Figure 2.2: Simplified single line diagram of type-4 wind generation systems

2.1.2 PV generation system

Rapid price reduction and efficiency improvement over the PV cells/panels make electricity
generation from solar feasible for both the residential roof-top installation and the utility
scale solar parks. Solar panels generate electricity from sunlight and the power is processed by
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the power electronics interface before feeding into the AC power system. Fig. 2.3 illustrates
the typical three-phase, utility-scale, solar park with its basic and advanced control functions
shown. In this thesis, the focus is on the utility-scale three-phase, solar parks instead of
single-phase roof-top solar generation unit installed at the residential area.

In Fig. 2.3, electricity is generated from the PV panels on the left. From the electrical
modelling point of view, the electrical model of a PV panel can be regarded as a terminal
voltage dependent current source. A DC/DC boost converter1 is typically used for the
MPPT by regulating the terminal voltage buffered by the output capacitor and finding the
”knee point” of the given solar panel VI curve, i.e. the Maximum Power Point Tracking.
On the left side of the control and monitoring block, ipv and vpv are measured current
and voltage outputs from the PV panels and are used for the MPPT algorithm to maximize
power generation efficiency considering the actual ambient temperature Ta and the solar
irradiation, Sirr. Active power is injected to the DC link and transferred by the grid side
DC/AC inverter typically realized by a two-level grid-connected VSC that regulates the DC
link voltage vdc to a constant value. vg and ig are the voltage and the current measurements
required for the grid voltage synchronization and the inner current control, respectively.
The output filter and transformer will reduce high frequency switching harmonics and the
current will then feed into the AC power grid at the PCC.

Figure 2.3: Simplified single line diagram of solar generation system

1The DC/DC boost converter is optional depending on the solar inverter design
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2.1.3 Battery energy storage system

Thanks to the rapid cost reduction of the battery cells and the improvement on the battery
cell degradation over the product life-cycle, Battery Energy Storage Systems (BESS) become
feasible for the utility-scale application, where excess electricity (e.g. renewable generation
available at the off-peak load time) can be stored and released at will providing time critical
services to the energy market. The introduction of BESS has the potential to improve the
hosting capacity of grids for renewable generation contributing to the GHG reduction. On
the other hand the wide control bandwidth of the power electronics interface of BESS
can provide grid ancillary services ranging from peak shaving, congestion management,
renewable power plant output smoothing to advanced functions such as active filtering,
power oscillation damping, inertia emulation, and fast frequency support. This thesis
investigates the utility-scale, three-phase, BESS that is crucial enabler for increasing the
renewable share in the future generation mix and maximize the utilization of the grid assets
by being able to shift time critical energy use pattern at will.

Fig. 2.4 illustrated a typical utility-scale, three-phase BESS using a VSC for both the
DC/AC grid side inverter and the DC/DC buck-boost converter2. From the left to the
right, the BatteryManagement System (BMS) continuously monitors/regulates the BESS by
measuring the DC current output ibess, the DC internal voltage vbess, the cell temperature
Tbess and the STATE of Charge (SOC)SOCbess. BESS will either be charged or discharged
via the bi-directional DC/DC converter in coordination with the BMS.TheDC/AC inverter
then quickly inject the active power from the battery to the power grid by regulating the DC
capacitor voltage vdc to a constant. vg and ig are voltage and current measurement for the
grid voltage synchronization and inner current control respectively.

2.1.4 Electric vehicle charging system

EV charging can be categorized into on-board and off-board. Typically, single-phase and
three-phase charging poles are found in the residential and the commercial/office building
areas. The on-board single phase or three-phase charging system, processes the AC power
from the grid into DC power to charge the on-board battery pack. For the utility-scale
fast/ultra-fast charging station, three-phase high power electronics are used to process AC
power from the grid to DC power that directly charges the on-board battery pack. This
thesis investigates the utility-scale, three-phase, Ultra-Fast Charging Station (UFCS) that is
expected in the envisioned future electrification scenario introduced in Chapter 1.

Fig. 2.5 illustrates the utility-scale, three-phase, ultra-fast charging station that is regarded as
the key enabler for the future mobility and the critical infrastructure for the rapid adoption
of PEVs. The operating principle is similar to that of the BESS except that PEV is typically
operated as a load (i.e. charging only). The DC/AC grid side inverter acts as an Active

2The DC/DC buck-boost converter is optional depending on the BESS inverter and battery stack selection.
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Figure 2.4: Simplified single line diagram of battery energy storage system

Front End (AFE) rectifier to regulate the DC capacitor voltage vdc to a constant value. The
DC/DC converter3 provides electrical isolation (e.g. Dual-Active-Bridge design) and takes
power from the DC capacitor to charge the PEV. BMS controls and monitors the PEV
on-board battery, taking the measurements as shown on the left side of the Control and
Monitoring block in Fig. 2.5, where vEV is the internal DC voltage of the PEV on-board
battery, iEV is the DC current flowing into the PEV on-board battery, SOCEV is the SOC
of the PEV on-board battery, and TEV is the temperature of the PEV on-board battery.
Some advanced functions, which are not standard for every PEV but essential for the future
power grid ancillary services, are also mentioned, such as demand side management in the
case of power grid contingencies, smart grid for congestion management, vehicle to grid for
frequency support.

2.1.5 Summary - generic grid-connected VSC interface

Considering the selected applications, i.e. type-4 wind generation system, PV generation
system, BESS and UFCS, the power is either taken or injected from/into the DC capacitor
considering the application specific characteristics. In the case of type-4 wind turbine, the
rate of active power injection into the DC capacitor depends highly on the MPPT following
the wind speed. In the case of the solar generation system, the rate of active power injection
into the DC capacitor rely on the MPPT following the ”knee point” of the solar panel VI
curve. In the case of BESSand UFCS, the rate of active power flow from/to DC capacitor
is restricted by the discharge/charging characteristics in combination with the internal BMS
software/firmware limitations. A generic grid-connected VSC interface can be considered as

3This represents a possible design option
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Figure 2.5: Simplified single line diagram of electric vehicle charging system

shown in Fig. 2.6 that regulates the DC capacitor voltage to a constant value.

DC/AC Filter

Transformer

Power Grid

Grid-connected VSC

P

Q

PCC

P

Cdc

Figure 2.6: Simplified single line diagram of generic grid-connected VSC interface

Recognizing the slow time varying nature of the wind speed, the solar irradiation, the
charging/discharging of the battery pack, the grid-connected VSC control strategy is
considered dominant in the dynamic interaction with the AC power grid [21]. The
illustration shown in Fig. 2.6 can be further developed into a three-phase, electrical diagram
shown in Fig. 2.7. Here the ideal current source denoted by is(t), represents all the
application specific dynamics. Taking into account the 4-quadrant operation of the grid-
connected VSC, as shown in Fig. 2.7, the impact of the VSC-based applications in the
future AC power system can be investigated.

In Fig. 2.7,Cd is the DC link capacitance. vdc(t) and idc(t) are DC link current and voltage
respectively. The DC/AC inverter is implemented as a typical two-level VSC driven by the
complimentary gate pulse signals from the PWM output (i.e. swa(t), swb(t), swc(t)). A
LCL output filter is used to attenuate the switching harmonics. L1 is the inverter side
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Figure 2.7: Schematic of generic grid-connected VSC interface with basic PWM modulation
and current control

inductor, Cf is the filter capacitor, Lt is the combined transformer leakage inductance
plus the equivalent short-circuit grid impedance. ea(t), eb(t), ec(t) are three-phase ideal
voltage source representing the power grid. Grid synchronization is performed by the PLL
that generates θ synchronized to the filter capacitor voltages (i.e. vca(t), vcb(t), vcc(t)).
The closed-loop linear current control block Gtcl(s) regulates the inverter side current (i.e.
ia(t), ib(t), ic(t)).

2.2 Challenges of VSC-based Power Grid

Since the grid-connected VSCs contribute limited short-circuit power and provide no
natural mechanical inertia, the strength of an AC power grid is said to be weakened when the
number of the grid-connected VSCs rises. Defined by the IEEE standard 1204-1997 [22], a
weak grid is characterized as an AC power system with a low short-circuit ratio (SCR) and/or
inadequate mechanical inertia.

Unlike the synchronous generator, the grid-connected VSCs have wide controller bandwidth
and impact a larger spectrum of the AC power system. In Fig. 2.8, a time scale is shown in
the middle with the frequency indicating the slow dynamics to the left and the fast dynamics
to the right. The typical power system phenomena with respect to the different time scales
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Figure 2.8: The impact of power electronics with respect to the power system phenomenon in
different time scales

are shown:

• Long term power system planning/operation and the intermittent generation:
the impact of the grid-connected VSCs are seconded to the application specific
charactersitics, e.g. the wind speed and the solar radiance variations etc.

• Inter-area oscillations: the grid-connectedVSCs can offer PowerOscillationDamping
(POD)

• Sub-synchronous and near-synchronous oscillations: the impact of the grid-
connected VSCs is mostly noticeable in the weak grid condition, where the outer-loop
and the PLL controllers interact with the AC power grid.

• Power system harmonics: the negative feedback current loop of the grid-connected
VSCs, from the small signal perspective, improve the system damping and positively
contribute to maintain the overall system stability.

• Between fs/6 and fs/2: the digital control cannot regulate output current
instantaneously. The total digital delay, from the small signal perspective, can be
regarded as an equivalent negative resistance above the fs/6. The introduction of
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the negative resistance above the fs/6 can adversely interact with the resonance point
and cause small signal voltage instability.

• Above fs/2 (i.e. the Nyquist frequency): the VSC controller effect can be considered
negligible and the output passive L filter of the grid-connected VSCs introduce
additional resistive damping (i.e. beneficial to maintain stable operation) to the AC
power system thanks to the skin-effect.

Since the stability of AC power system can be monitored by its supply voltage and frequency,
the impact of the grid-connectedVSC can also be assessed accordingly with regards to voltage
and frequency stability, respectively. While the voltage can be directly measured at the user
connection point, the system frequency can only be estimated at the user connection point
via, e.g. the phase locked loop. In fact, the system frequency reflects the system equilibrium
concerning the power balance between the electricity supply and demand. In addition,
due to the non-linear effect caused primarily by the PWM modulation, the impact of the
grid-connected VSCs on the AC power system’s steady-state harmonics propagation and
harmonic resonances are of importance. The following sections will briefly discuss the high-
level impact of grid-connected VSCs on the AC power system.

2.2.1 Frequency Stability

In the context of the increasing renewable penetration in the AC power system, the system
frequency stability margin decreases with the reduction of system inertia, leading to rapid
frequency variations in low inertia power grids. Typically, for a large inter-connected power
system, the total kinetic energy buffer provided by all the synchronous generators in the
system is large. In this case, local disturbances (e.g. generator trip, load rejection, short
circuit fault etc.) will cause only mild frequency variations, thanks to the total system
mechanical inertia keeping the system stable. However, this is not the case with low inertia
power grids, such as the Bonaire island grid. In Fig. 2.9, a fault occurs in the 12 kV network
and it is cleared roughly 400 ms afterwards. From Fig. 2.9 , the frequency (red) plummets
from 50 Hz to 46 Hz within 400 ms (i.e. ROCOF=10 Hz/s) whilst the active (blue) and
reactive power (green) consumption in the network jumped during the fault.

The fast ROCOF event recorded in the Bonaire island power grid points the direction of
future challenges associated with grid synchronized VSCs:

• Battery storage fast frequency support in the power grid with an extreme high
penetration level of renewables.

• Maintaining power output from the renewables, such as wind and PV, under the fast
ROCOF event.

• Inertia emulation by the grid-connected VSCs under the fast ROCOF event.
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Figure 2.9: Fast ROCOF Event triggered by a 12 kV short circuit fault on the Bonaire island
grid - (red) system frequency y-axis on the right side, (blue) system active power consumption,
(green) system reactive power consumption

Chapter 6 will investigate the impact of the fast rate of change of frequency (ROCOF) event
on the grid-connected VSC phase locked loop (PLL) dynamics, addressing the challenge of
frequency stability in a power electronics dominant grid.

2.2.2 Voltage Stability

Contrary to the implicit synchronization of the inter-connected synchronous generators
in the AC power system, the grid-connected VSC interfaces is explicitly controlled to be
synchronized to the AC power system and operated as a current source. In the strong
grid condition characterized by a high short circuit power and a high system inertia, the
voltage magnitude and angle can be considered as quasi-steady-state, independent variables,
that is dominantly fixed by the inter-connected synchronous generators dispersed across
regions/countries. In this case, the power production/consumption via the VSC interface
does not vary its own PCC voltage. In this case, the stability of the two-level VSC interface
is determined by the total digital delay and the predominant resonance frequency fixed by its
LCL output filter and the grid impedance. In Chapter 4, the stability of the grid-connected
VSCs is assessed considering only the inner current control loop. The stability region for
both the inverter side and the grid side current control schemes with and without active
damping function.
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Figure 2.10: Power system oscillation phenomenon with respect to power electronics controllers
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With the increased penetration level of the renewable generation and the rapid electrification
of transport, building, and industry sectors, both the system inertia and the short circuit
power are expected to decrease leading to a paradigm shift towards the power electronics
dominant grid. The voltage magnitude and angle at the PCC point, to which the grid-
connected VSCs is synchronized, are no longer quasi-steady-state, independent variables,
but rather are a function of the grid-connected VSC output current. This phenomena is
especially prominent in the weak grid condition. These power system oscillation phenomena
can be mapped by color to the cascaded grid-connected VSC control loops shown in Fig.
2.10:

• The outer-loop power flow control in blue: can cause low frequency sub-synchronous
oscillations especially when the grid-connected VSCs is controlling the terminal
voltage or is controlled as AFE taking active power from the grid.

• The phase-locked loop in green: can create an equivalent negative resistance in the
generation mode or STATCOM mode, taking reactive power from the AC power
grid and thereby reducing the phase margin of the small signal voltage stability.

• The inner current control loop in orange: can cause high frequency/harmonic
oscillations when the equivalent negative resistance region caused by the digital delay
interferes with the network resonance point, which has little damping.

• The PWM modulator in red: can cause the typical side-band oscillations and
oscillations beyond the Nyquist frequency (i.e. fs/2).

The small signal voltage stability analysis is performed throughout this thesis using the small
signal LTI model derived from the two-level grid-connected VSC in the Chapter 3. Then the
linear current control and the phase-locked loop are considered independently in Chapter
4. The closed-loop stability analysis is performed applying the Nyquist stability criteria.
Further to the closed-loop stability analysis of the single VSC unit, Chapter 5 applied
the impedance-based stability method to two parallel connected VSCs and experimentally
validated the analytical results closely. Chapter 6 presents a study case of onshore grid-
STATCOM interaction in a weak grid condition, where the small signal voltage stability is
investigated using the impedance-based stability method, whilst considering the frequency-
dependent, distributed, parameters of the 400 km overhead line and the experimentally
verified, three-phase, three-winding, high frequency power transformer model.

2.2.3Harmonics Resonance

The typical method used for the modelling of harmonic-generating devices is the ideal
(constant) current source model as shown on the left side of Fig. 2.11. This approach
originated from the time that line commutated harmonic-generating devices (i.e. load-
commutated converters and diode rectifiers) were dominated. It has since been proven to
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be inaccurate for the modelling of self-commutated devices (e.g. VSC high voltage direct
current station, doubly-fed induction generator, photovoltaic, full converter based wind
turbine, UFCS) [23]. The input admittance of the grid-connected VSC is zero as shown
by the dashed red line in Fig. 2.11. Both the passive output filter and the control effects of
the grid-connected VSCs are not considered in this case. Even though it is common practice
to measure harmonic current emission at the grid connection point, such harmonic current
emission measurements should not be used for the representation of VSC based power
electronics as an equivalent ideal current source in the harmonic resonance analysis [23].
The reasons are three fold:

1. Firstly, measurement is not performed in a clean grid environment, i.e. without
background harmonic distortion.

2. Secondly, an ideal current source fails to capture the converter control reaction to the
background harmonic voltage.

3. Lastly, for the network impedance scan, an ideal current source does not represent the
frequency dependent inner current control loop and the passive output filter resulting
in an inaccurate network resonance point estimation.

Figure 2.11: Norton equivalent of grid-connected VSC interface

To overcome the shortcomings of the ideal current source approach, it is practical to represent
the grid-connected VSC as a Norton/Thevenin equivalent, where the controller effect is
explicitly included as an frequency dependent admittance in solid red shown on the right
side of Fig. 2.11. Ytcl(s) indicates the frequency dependent input admittance of the grid-
connected VSC, the detailed derivation is presented in Chapter 5 of this thesis.

The Norton equivalent model consists of two part: the current source and the Norton
equivalent impedance. Chapter 5 demonstrates the procedure on how to derive the Norton
equivalent impedance considering the inner current control loop and PLL impedance
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shaping effect. The current source reflects the intrinsic harmonic distortion because of PWM
switching, dead-time effect, and other non-linear effect of the power electronics circuitry.
The current source harmonic profile should be determined in a clean grid condition (e.g.
EMT simulation) or a practical power grid with negligible background harmonics distortion
(e.g. Lab environment with emulated power grid source). Using the proposed Norton
equivalent that is experimentally validated, Chapter 6 addresses the harmonic resonance
challenge in the context of massive integration of UFCS in the study case of a piece of the
Dutch MV power grid.



3
Model of Grid-Connected VSC

A typical power electronic application consists of active controlled semiconductor devices
(e.g. IGBT, IGCT, GTO, etc) or switch cells (e.g. IGBT with anti-parallel diode) and
passive components. The self-commutated devices (e.g. IGBTs) used in the VSC are driven
by discrete gate pulse signals and the output electrical signals of the converter topology are
attenuated by the output passive filters. Consequently, the electrical dynamics of the VSC
is driven by the time-discrete gate pulse signal and the converter output filter. The time-
discontinuous dynamics of converters can bemodelled by either using a data-sampled system
[24–26] or a time-continuous system using the averaging method [27–29]. Since the passive
components that interact with the power electronics circuitry is time-continuous, treating
the power electronics circuitry as a time-continuous system is favored in the controller design
and analysis.

The most simple averaging approach is to use the moving average operator [27–29], which
essentially leaves out the switching dynamics by obtaining only the DC-term of variables
within the switching period under investigation. Under ”small ripple” condition [27–29],
the obtained State-Space Averaging (SSA) model, applying the moving average operator
is marginally sufficient for the prediction of converter dynamics below half the switching
frequency. However, for resonance converters and converters with a low switching frequency,
the SSA method is proven to become insufficient and even erroneous in some cases [30–35].
In order to consider the switching ripple effect, generalized averaging methods, i.e. Krylov-
Bogoliuboy-Mitropolsky (KBM) [30–32] and Multi-Frequency Averaging (MFA) [33–35],
have been developed. It has been proven that the state-space averaging method is in fact the

25
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first item of the KBM method and the index-0 (DC-coefficient) of the MFA method [36].

In addition to the generalized circuitry averaging methods, which allow the analysis of the
power electronics power stage using a time-continuous analysis tool, the non-linear effect of
closed-loop controlled power electronics present another challenge. Typically a small-signal
perturbation is applied to a non-linear system around a given operating point or trajectory.
While the Taylor series is a fundamental theorem to linearize a continuous and differentiable
non-linear system [37], the harmonic linearizationmethod presents an equivalent framework
to obtain a small-signal linearised model in the frequency domain [38,39]. The linearization
around an equilibrium point gives a Linear Time-Invariant (LTI) small-signal model, while
the linearization around a time-varying operating trajectory leads to a Linear Time-Varying
(LTV) small-signal model. For the LTI small-signal model, classical control theory based on
the single-input-single-output (SISO) transfer function and its stability criteria are deemed
a mature analysis technique for the design and control of closed-loop controlled power
electronics. For the LTV small-signal model, if themodel exhibits a periodic feature, the LTV
small-signal model can then be treated as the LinearTime-Periodic (LTP) small-signal model,
where the time domain state-space equation can be transformed into a limited frequency
domain Fourier series, where only the Fourier coefficients are preserved (i.e. linearization for
the entire trajectory). As a result, the time domain LTP small signal state-space equation can
be readily transformed into a frequency domain, small-signal, harmonic state-space equation,
which is essentially a limited number of cross-coupled, LTI, small-signal, models that can be
described by the transfer function matrix.

This chapter describes the modelling principle of a typical two-level, three-phase grid-
connected VSC, where the application of the SSA method and small-signal linearization
around an equilibrium point in the dq-frame will lead to a small-signal LTI model for the
closed-loop controlled power electronics.

3.1 System Description - Two-level VSC

This section describes a typical two-level VSC grid interface as shown in Fig. 3.1. To avoid
lengthy state-space equations, the output filter of the VSC considers only the inductors with
their AC equivalent resistance. Following Kirchhoff’s Voltage Law (KVL), its three-phase
abc-domain Ordinary Differential Equation (ODE) can be written as:
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Figure 3.1: An illustration of a two-level, three-phase, grid-connected, VSC open loop model
illustration

La
dia(t)

dt
+ ia(t)Ra + ea(t)− swa(t)vdc(t) =

1

3

∑
x=a,b,c

swx(t)vdc(t)

Lb
dib(t)

dt
+ ib(t)Rb + eb(t)− swb(t)vdc(t) =

1

3

∑
x=a,b,c

swx(t)vdc(t)

Lc
dic(t)

dt
+ ic(t)Rc + ec(t)− swc(t)vdc(t) =

1

3

∑
x=a,b,c

swx(t)vdc(t)

(3.1)

where 1
3

∑
x=a,b,c

swx(t)vdc(t) represents the zero sequence voltage (i.e. the neutral point

voltage with respect to the earth potential zero) at the output terminal of the VSC grid
interface as shown in fig. 3.1. The DC link voltage vdc(t) and current idc(t) is bounded
by the conservation of energy law as defined as follows, assuming lossless circuit on the DC
side:

vdc(t)idc(t) = vdc(t)is(t)−
(
ia(t)va(t) + ib(t)vb(t) + ic(t)vc(t)

)
(3.2)
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where va(t) = swa(t)vdc(t), vb(t) = swb(t)vdc(t), vc(t) = swc(t)vdc(t), (3.2) can be
further simplified by dividing vdc(t) on both sides:

idc(t) = is(t)−
(
ia(t)swa(t) + ib(t)swb(t) + ic(t)swc(t)

)
(3.3)

Furthermore, from the characteristic equation of the capacitor we can define the relationship
between the voltage vdc(t) and the current idc(t):

Cd
dvdc(t)

dt
= idc(t) = is(t)−

(
ia(t)swa(t) + ib(t)swb(t) + ic(t)swc(t)

)
(3.4)

Rewriting (3.1) and (3.4) in the state-space form gives:

ẋ(t) = A(t)x(t) +Bu(t)

y(t) = Cx(t)
(3.5)

where

ẋ(t) ,
d
dt


ia(t)

ib(t)

ic(t)

vdc(t)

 u(t) ,


ea(t)

eb(t)

ec(t)

is(t)

 (3.6)

A(t) ,



−R

L
0 0

swa(t) +
1

3

∑
x=a,b,c

swx(t)

L

0 −R

L
0

swb(t) +
1

3

∑
x=a,b,c

swx(t)

L

0 0 −R

L

swc(t) +
1

3

∑
x=a,b,c

swx(t)

L

−swa(t)

Cd
−swb(t)

Cd
−swc(t)

Cd
0


(3.7)

B ,



− 1

L
0 0 0

0 − 1

L
0 0

0 0 − 1

L
0

0 0 0
1

Cd


(3.8)
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C ,


1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

 (3.9)

where L = La = Lb = Lc and R = Ra = Rb = Rc are considered assuming
symmetrical passive circuit. Examining the state-space system matrix A(t), it is clear
that the passive component is linear and time-invariant while the switching functions (i.e.
swa(t), swb(t), swc(t)) are both time varying and discontinuous. The switching function
for two-level VSC can be written in its general form as:

swx(t) =

+0.5, 0 < t < ton

−0.5, ton < t < Tsw

, x ∈ {a, b, c} (3.10)

Note that the state-space systemmatrixA(t) is linear yet time discontinuously varying when
the reference signal v∗abc(t) in Fig. 3.1 is directly fed into the PWM comparator in the open-
loop manner. In a closed-loop controlled VSC as shown in Fig. 3.2 , the switching function
is a function of the input variable u(t) and state variable x(t) hence the state-space system
matrix A(t) becomes non-linear, and time discontinuously varying. Several assumptions
have to made so that the system can be considered as a Linear Time Invariant (LTI) system,
for which the classical linear control theory applies.

3.2 Averaging Methods

Averaging methods must be applied first to convert the time-discontinuous switching
function into a continuous function. The most common method is State-Space Averaging
(SSA), also known as the moving averaging method. The moving averaging model
approximates a switching circuit by its averaged value in one switching period, while the
KBM and MFA presents the generalized averaging methods, where higher accuracy can be
achieved through obtaining more items (i.e. KBM) and higher order coefficients (i.e. MFA)
respectively. It has already been proven that the moving averaging is the first item of KBM
method and DC coefficient of the MFA method [18].

3.2.1 State-Space Averaging Method

When higher order harmonics are not of interest, the state-space averaging method is
sufficient and is rigorously justified for the standard form [30–32]:
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Figure 3.2: Two-level three-phase VSC grid interface close loop model illustration

dx
dt

= εF (t, x), ε � 1, x(t0) = x0 (3.11)

where F (t, x) is defined as a continuous function of t and x. The time average of the right-
hand side of (3.11) is defined as:

G(x) , lim
T→∞

1

T

∫ T

0

F (t, x)dt (3.12)

if the right-hand side of (3.11) is periodic or nearly periodic, then the limit in (3.12) exists
for the averaged system:

dx
dt

= εG(x), x(t0) = x0 (3.13)

For the time-discontinuous switching model in (3.5), when the parameter ε is selected as
ε = αTsw, where α = max{ 1

L ,
R
L ,

1
Cd

} and the time is rescaled as τ = t/Tsw (Tsw is
the switching period). Applying the new time scale τ to the original time-discontinuous
state-space equation (3.5) gives:
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ẋ(t)︷ ︸︸ ︷
1

Tsw

d
dτ

x(τ) = A(τ)x(τ) +Bu(τ) (3.14)

Multiplying Tsw on both sides of the equation with Tsw =
ε

α
yields:

d
dτ

x(τ) = ε ·
( 1

α
·A(τ) · x(τ) + 1

α
·B · u(τ)

)
(3.15)

Applying the averaging operator (3.12) to the right-hand side of (3.15) in time scale τ gives:

G(x(τ)) =
1

α
·A(τ) · x(τ) + 1

α
·B · u(τ) (3.16)

Converting (3.16) back to the original time scale, the averaged model is derived as:

ẋ(t) = A(t)x(t) +Bu(t)

y(t) = Cx(t)
(3.17)

where matrix A(t) can be written as:

A(t) =



−R

L
0 0

d0a(t)

L

0 −R

L
0

d0b(t)

L

0 0 −R

L

d0c(t)

L

−d0a(t)

Cd
−d0b(t)

Cd
−d0c(t)

Cd
0


(3.18)

In this case, the time-discontinuous switching function swx(t), x ∈ {a, b, c} is replaced by
the time-continuous function dx(t) retaining only the DC component within the switching
period Tsw:

swx(t) ≈ d0x(t), x ∈ {a, b, c} (3.19)

In sum, the SSA method converted the time-discontinuous state-space equations into
continuously differentiable state-space equations paving the way for the application of the
linearization method.

3.2.2Multi-Frequency Averaging with only a DC-term

Another equivalent averaging method is called the Multi-Frequency Averaging (MFA)
method. It is based on the fact that an arbitrary periodic waveform x(t) can be approximated
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on the time interval τε[t−T, t] to an arbitrary accuracy with a double infinite Fourier series
representation in the form:

x(τ) =

∞∑
h=−∞

〈x〉h(t) · ejhω1τ (3.20)

where ω1 = (2π)/T and the complex Fourier coefficients can be computed by:

〈
x
〉
h
(t) =

1

T

∫ t

t−T

x(τ)e−jhω1τdτ (3.21)

When h = 0 is selected, (3.21) becomes:〈
x
〉
0
(t) =

1

T

∫ t

t−T

x(τ)dτ (3.22)

It is interesting to note that (3.22) resembles the moving average operator given in (3.12).
When the MFA approach is applied to (3.1), then the original large-signal equation can be
approximated by its DC component for its input and state variables:

L
d
dt


〈
ia(t)

〉
0〈

ib(t)
〉
0〈

ic(t)
〉
0

+R


〈
ia(t)

〉
0〈

ib(t)
〉
0〈

ic(t)
〉
0

+


〈
ea(t)

〉
0〈

eb(t)
〉
0〈

ec(t)
〉
0

−
〈
vdc(t)

〉
0


d0a(t)

d0b(t)

d0c(t)

 = 0 (3.23)

Cd
d
dt
〈
vdc(t)

〉
0
=

〈
is(t)

〉
0
−
[〈
ia(t)

〉
0

〈
ib(t)

〉
0

〈
ic(t)

〉
0

] 
d0a(t)

d0b(t)

d0c(t)

 (3.24)

where
〈
vdc(t) · swx(t)

〉
0
is treated as

〈
vdc(t) · swx(t)

〉
0
=

〈
vdc(t)

〉
0
·
〈
swx(t)

〉
0
=〈

vdc(t)
〉
0
· d0x(t), x ∈ {a, b, c, }. The same consideration is done for

〈
ix(t) · swx(t)

〉
0
,

x ∈ {a, b, c}.

3.2.3Coordinate Transformation

For a three-phase and three-wire system, the system can be considered balanced (i.e. ia(t)+
ib(t) + ic(t) = 0, va(t) + vb(t) + vc(t) = 0). For balanced three-phase variables:

xa(t) = Xacos(ωt)

xb(t) = Xbcos(ωt−
2

3
π)

xc(t) = Xccos(ωt+
2

3
π)

(3.25)
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where Xa, Xb, Xc are the amplitudes of the respective variables. Following the Clarke
transformation, the balanced three-phase time-varying signals, namely xa(t), xb(t), xc(t),
can be placed in a two-coordinate orthogonal plane defined by the αβ-axis as shown in Fig.
3.3. The magnitude invariant Clarke transformation matrix T32 and its inverse T−1

32 are
defined as: [

xα

xβ

]
=

2

3

[
1 − 1

2 − 1
2

0
√
3
2 −

√
3
2

]
︸ ︷︷ ︸

T32

xa

xb

xc

 (3.26)

xa

xb

xc

 =

 1 0

− 1
2

√
3
2

− 1
2 −

√
3
2


︸ ︷︷ ︸

T−1
32

[
xα

xβ

]
(3.27)

Since xα and xβ are defined on the orthogonal αβ-axis, it is often convenient to write in
its complex vector form −−→xαβ = xα + jxβ . Consequently, the balanced, three-phase time
varying signals are condensed into a compact complex space vector−−→xαβ . Applying the Clarke
transformation to (3.23) - (3.24) gives:

Phase A

Phase C

Phase B

Figure 3.3: An illustration of the Clark transformation and space vector

L
d
dt

〈iα(t)〉0〈
iβ(t)

〉
0

+R

〈iα(t)〉0〈
iβ(t)

〉
0

+

〈eα(t)〉0〈
eβ(t)

〉
0

−
〈
vdc(t)

〉
0

d0α(t)
d0β(t)

 = 0 (3.28)
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w1
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d

q

f

Figure 3.4: An illustration of the Park transformation

Cd
d
dt
〈
vdc(t)

〉
0
=

〈
is(t)

〉
0
− 3

2

[〈
iα(t)

〉
0

〈
iβ(t)

〉
0

] d0α(t)
d0β(t)

 (3.29)

where the constant coefficient 3
2 in (3.29) is due to the magnitude invariant Clark

transformation causing reduced power via the transformation. Substituting (3.28) and
(3.29) with their corresponding complex space vector yields:

L
d
dt
〈−→
iαβ(t)

〉
0
+R

〈−→
iαβ(t)

〉
0
+
〈−→eαβ(t)〉0 − 〈

vdc(t)
〉
0

−−→
d0αβ(t) = 0 (3.30)

Cd
d
dt
〈
vdc(t)

〉
0
=

〈
is(t)

〉
0
− 3

2
<

{
−−→
d0αβ(t) ·

〈−−→
iconjαβ (t)

〉
0

}
(3.31)

Recalling the complex space vector−−→xαβ(t) = xα(t)+jxβ(t), it can be further transformed
via the Park transformation matrix. Park transformation matrix Ts2r and its inverse Tr2s are
defined as:

Ts2r =

 cosθ sinθ

−sinθ cosθ

 (3.32)

Tr2s =

cosθ −sinθ

sinθ cosθ

 (3.33)

According to Euler’s equation ejθ = cosθ+ jsinθ, the Park transformation and its inverse
matrix can be conveniently expressed in the complex space as e−jθ and ejθ respectively. The
Park transformation is equivalent to a frequency translation, where a complex space vector
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in the αβ-frame is transformed into a complex space vector in the dq-frame rotating with
θ(t). Fig. 3.4 illustrates a special case when the dq-frame is synchronized with a positive
sequence complex space vector in the αβ-frame. In this case, the time varying complex
space vector −−→xαβ(t) becomes a steady-state complex space vector

−−→
Xdq in the dq-frame

rotating with θ(t). When a two-level VSC is operating mainly around the fundamental
frequency positive sequence trajectory, then an equilibrium operating point can be found
via the Park transformation rotating at the same fundamental frequency positive sequence
trajectory. To obtain the equilibrium operating point upon which linearization can later be
applied, the complex space vector −−→xαβ(t) can be expressed in the dq-frame following Park
transformation:

−→xdq(t) =
−−→xαβ(t)e

−jθ (3.34)

−−→xαβ(t) =
−→xdq(t)e

jθ (3.35)

The same can be done for
−→
iαβ(t), −→eαβ(t), and

−−→
d0αβ(t). (3.30) and (3.31) can therefore be

converted into the dq-frame complex space vector form:

L
d
dt
〈−→
idq(t)e

jθ
〉
0
+R

〈−→
idq(t)e

jθ
〉
0
+
〈−→edq(t)ejθ〉0 − 〈

vdc(t)
〉
0

−−→
d0dq(t)e

jθ = 0 (3.36)

Cd
d
dt
〈
vdc(t)

〉
0
=

〈
is(t)

〉
0
− 3

2
<

{
−−→
d0dq(t)e

jθ ·
〈
e−jθ

−−→
iconjdq (t)

〉
0

}
(3.37)

For simplicity, removing the DC-term averaging sign
〈〉

0
within the switching period Tsw

gives:

L
d
−→
idq(t)e

jθ

dt
+R

−→
idq(t)e

jθ +−→edq(t)ejθ − vdc(t)
−−→
d0dq(t)e

jθ = 0 (3.38)

Cd
d
dt
vdc(t) = is(t)−

3

2
<

{
−−→
d0dq(t)e

jθ · e−jθ
−−→
iconjdq (t)

}
(3.39)

where L d
−→
idq(t)e

jθ

dt should be treated with the product rule of differentiation as:

L
d
−→
idq(t)e

jθ

dt
= L

d
−→
idq(t)

dt
ejθ + L

dejθ

dt
−→
idq(t)

= L
d
−→
idq(t)

dt
ejθ + jL

dθ
dt

−→
idq(t)e

jθ

= L
d
−→
idq(t)

dt
ejθ + jLω1

−→
idq(t)e

jθ

(3.40)
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Assuming all the input and state variables are rotating in the predominantly fundamental
frequency positive sequence trajectory, the park transformation angle θ(t) = ω1t can be
applied with dθ

dt = ω1. Inserting (3.40) into (3.38) gives:

L
d
−→
idq(t)

dt
ejθ + jLω1

−→
idqe

jθ +R
−→
idq(t)e

jθ +−→edq(t)ejθ − vdc(t)
−−→
d0dq(t)e

jθ = 0 (3.41)

Removing ejθ in (3.41) and writing ejθe−jθ = 1 in (3.39) yields the dq-frame large-signal
model of a two-level VSC:

L
d
−→
idq(t)

dt
+ jLω1

−→
idq +R

−→
idq(t) +

−→edq(t)− vdc(t)
−−→
d0dq(t) = 0 (3.42)

Cd
d
dt
vdc(t) = is(t)−

3

2
<

{
−−→
d0dq(t) ·

−−→
iconjdq (t)

}
(3.43)

Note that vdc(t)
−−→
d0dq(t) in the close-loop controlled VSC represents a non-linear term, on

which the linearization technique elaborated in the following section should be applied to
obtain a linear model for the two-level VSC.

3.2.4 linearization in dq-frame

Since most of the control theory has been developed for linear systems, the way to treat a
non-linear system as a linear system is important to make use of the matured linear control
toolbox. The Taylor series, being the most widely used linearization technique, describes
that a continuous differentiable function y = f(x) can be expanded at point x = xo as:

y = f(x) = f(xo)+f (1)(xo)(x−xo)+
f (2)(xo)

2!
(x−xo)

2+ · · ·+ f (n)(xo)

n!
(x−xo)

n

(3.44)
where f (n)(xo) represents the k-th order derivative at x = xo. From (3.44), points around
x = xo can be approximated to arbitrary accuracy. A linearized function G(x) hence can
be defined as:

G(x) = f(xo) + f (1)(xo)(x− xo) (3.45)

Fig. 3.5 demonstrates the linearization using Taylor’s theory graphically. The switching
model of a power converter is originally a time-discontinuous system, hence theTaylor series
fails to apply directly. With the averaging methods applied, the averaged switching model
of a power converter can be considered as a differentiable and time-continuous system, for
which the Taylor series can be applied. Consider the averaged model in its general form:

d

dt
−→x (t) =

−→
f (−→x (t),−→u (t)) (3.46)
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Figure 3.5: linearization based on the Taylor series

If an equilibrium point (−→x o,
−→u o) exists, retaining the first 3 terms of its Taylor series, an

approximation of
−→
f (−→x ,−→u ) is:

d−→x (t)

dt
≈

−→
f (−→x o,

−→u o) +
∂
−→
f (−→x ,−→u )

∂−→x

∣∣∣∣∣−→x=−→x o−→u=−→u o

· (−→x (t)−−→x o)

+
∂
−→
f (−→x ,−→u )

∂−→u

∣∣∣∣∣−→x=−→x o−→u=−→u o

· (−→u (t)−−→u o)

(3.47)

Assuming that (∆−→x (t),∆−→u (t)) are small perturbations around the equilibrium trajectory
(−→x o(t),

−→u o(t))
∆−→x (t) = −→x (t)−−→x o (3.48)

∆−→u (t) = −→u (t)−−→u o (3.49)

And define:

A :=
∂
−→
f (−→x ,−→u )

∂−→x

∣∣∣∣∣−→x=−→x o−→u=−→u o

B :=
∂
−→
f (−→x ,−→u )

∂−→u

∣∣∣∣∣−→x=−→x o−→u=−→u o

(3.50)

where A and B are matrices of constant coefficients if
−→
f (−→x o,

−→u o) are equilibrium operating
points, then (3.47) turns into a LTI model:

d∆−→x (t)

dt
≈ A ·∆−→x (t) +B ·∆−→u (t) (3.51)

Applying the aforementioned Taylor linearization technique around the equilibrium
operating point (

−−→
Io,dq,

−−−→
Eo,dq, Vdc,

−−−→
Do,dq), the small signal LTI form of (3.42) and (3.43)



38 Chapter 3: Model of Grid-Connected VSC

in the dq-frame can be obtained:

L
d∆

−→
idq(t)

dt
= −jLω1∆

−→
idq−R∆

−→
idq(t)−∆−→edq(t)+

−−−→
Do,dq ∆vdc(t)︸ ︷︷ ︸

≈0

+Vdc∆
−−→
d0dq(t) = 0

(3.52)

Cd
d
dt
∆vdc(t) = ∆is(t)−

3

2
<

{
−−−→
Do,dq ·∆

−−→
iconjdq (t) + ∆

−−→
d0dq(t)

−−−→
Iconjo,dq

}
(3.53)

if the DC link voltage can be regarded as constant following a small perturbation around
the equilibrium point, i.e. ∆vdc(t) = 0, (3.53) can be neglected and (3.52) is reduced to
(removing the ∆ sign for simplicity):

L
d
−→
idq(t)

dt
= −jLω1

−→
idq(t)−R

−→
idq(t)−−→edq(t) + Vdc

−−→
d0dq(t) (3.54)

3.2.5 Small signal linear model of two-level VSC

A small signal linear model of a two-level VSC can be derived when theDC link is considered
constant upon an equilibrium operating point in the dq-frame, where the two-level VSC is
considered to operate in the fundamental frequency positive sequence trajectory. Since a
two-level VSC is often equipped with a large capacitor for its DC link, the assumption of a
constant DC link voltage can be easily justified. Furthermore, the two-level VSC is assumed
to be balanced and operating on the fundamental frequency positive sequence trajectory,
upon which linearization is applied to derive a small signal LTI model. Such an assumption
is logical as the power system voltage is dominated by the fundamental frequency positive
sequence component at the connection point of the two-level VSC. However, this would
imply that, for example, under the bolted single-phase-to-ground fault condition (i.e. equal
positive and negative sequence voltage components) the small signal LTI model will fail to
apply.

The complex equation (3.54) can be equivalently written in the d-axis and the q-axis
respectively. Fig. 3.6 demonstrates the transfer function diagram of a two-level VSC, which
is convenient for the design and analysis together with control.

sLId(s) = −jLω1Id(s)−RId(s)− Ed(s) + VdcVc,d(s)︸ ︷︷ ︸
Vo,d(s)

(3.55)

sLIq(s) = Lω1Iq(s)−RIq(s)− Eq(s) + VdcVc,q(s)︸ ︷︷ ︸
Vo,q(s)

(3.56)

In Fig. 3.6, V ∗
c,d(s) and V ∗

c,q(s) are voltage set-points taken directly from the digital
controller output. Kpwm is the linearized transfer function for the Pulse-Width-Modulation
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Figure 3.6: Transfer function diagram of a VSC small signal model in dq-frame

Figure 3.7: Complete transfer function diagram of a VSC small signal model in dq-frame

(PWM) following the harmonic linearization principle, typically this is considered as a
constant gain for the signal input with a low bandwidth in comparison to the PWM carrier
frequency. Vc,d(s) and Vc,q(s) are the averaged switching functions in the continuous time-
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domain. Vdc is the DC link voltage upon which the linearization is performed. Vo,d(s) and
Vo,q(s) are the output voltages produced at the VSC terminal. Ed(s) and Eq(s) represents

the grid voltage in the dq-frame.
1

Ls+R
is the output admittance of the VSC. Id(s) and

Iq(s) are the output currents flowing in the output inductor. The coupling terms Lω1Id(s)
and Lω1Iq(s) in the AC circuit originating as a result of frequency translation (i.e. Park
transformation) can be troublesome for the Proportional Integral (PI) controller, which is
typically applied for the two-level VSC dq-frame control. Therefore, in the actual controller
implementation, anti cross-coupling terms are introduced at the PWM input summation
point together with the grid voltage feed-forward signal. The grid voltage feed-forward can
minimize the transient during VSC start-up, yet it should be preprocessed by a low-pass
filter so that it does not reduce the stability margin of the VSC, especially under weak grid
conditions. Considering the counter cross-coupling terms and the voltage feed-forward with
a low pass filterHv(s), Fig. 3.7 demonstrates the typical small signal model in the dq-frame
taking into account the necessary feed-forward loops. In the next chapter, the AC current
control and the inherent stable operation region of a two-level VSC will be discussed based
on the dq-frame small signal model derived in this chapter (Fig. 3.7)

3.3 Summary

This chapter reviewed the averaging methods which can be applied to transform the discrete
controlled power electronics circuitry into a time-continuous system allowing the design
and analysis with mature linear control toolbox. For a two-level VSC, the coordination
transformation (i.e. Clark and Park transformation) as well as Taylor series defines the small
signal linearization around an equilibrium point. By further assuming a constant DC link
voltage, a small signal LTI model can be derived for the closed-loop controlled two-level
VSC.
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Control of Grid-Connected VSC

This chapter discusses the control of a generic three-phase, grid-connected, two-level VSC
described in Chapter 2 of this thesis. The small-signal modeling technique is used to model
the key components of the VSC system, namely the digital phase-locked loop controller,
the LCL filter, the PWM modulator, and the digital alternating current controller. Stability
analysis is performed using the derived small-signal model of the VSC, and the stability
prediction is verified in the time domain simulation model. A summary is provided in the
end to conclude the findings of this chapter.

The control of a three-phase, grid-connected VSC largely follows the dq-frame complex
space vector, voltage oriented control (VOC) scheme, widely applied to the Synchronous
Generators (SG) [15, 40–42]. Unlike the SG, where its voltage space vector phase angle
and amplitude are dictated by the mechanical rotational speed and the rate of change of the
flux linkage respectively; the VSC terminal voltage is only restricted by the digital control
speed and the output passive filters (i.e. electro-magnetic transient). For this reason, the
VSC controller bandwidth can be designed ten times to hundreds of times faster than the
controller of synchronous generators.

For the grid-connected VSC interface, the dq-frame VOC control scheme requires an
accurate grid voltage angle, hence the name ”grid-synchronized” VSC. The phase angle
determination techniques can be typically categorized as open-loop type and closed-loop
type [43]:

41
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• open-loop phase angle detection techniques

– Filtered Zero Cross Detection (ZCD)

– Fourier Transform (e.g. Fast Fourier Transformation (FFT)/Discrete Fourier
Transform (DFT))

• closed-loop phase angle detection techniques

– Phase-Locked Loop (PLL)

– Kalman Filter (KF)

– Least-Square Algorithms (LSA)

Although Zero Cross Detection (ZCD), Filtered ZCD and Fast Fourier Transformation
(FFT)/Discrete FourierTransform (DFT) had been reported in the literature [44–47] for the
determination of grid voltage phase angle, they did not gain popularity in the application of
the grid-connected VSCs. In the case of ZCD, its performance deteriorates significantly
when there are distortions in the supply voltage. In the case of FFT/DFT, there are
three major deficiencies, namely aliasing1, picket-fence effect2 and leakage3, prohibiting its
application for the grid-connected VSC interface [43].

The closed-loop phase angle detection techniques use feedback to improve the phase
angle estimation. KF and LSA can be used for the phase angle estimation, however,
they do not gain popularity due to the complexity in the parameter tuning and the
digital implementation. Phase lock loop (PLL), although being first applied in the
telecommunication industry, has gained attention for the grid-connected VSC due to its easy
implementation and its capability of tracking the grid frequency and phase angle accurately.

For the three-phase VSC applications, the so-called Synchronous Reference Frame
(SRF)-PLL is widely reported in the literature [48–51]. The SRF-PLL concept applies the
Clark transformation to convert the balanced three-phase voltages to a pair of orthogonal
time varying complex space voltage vectors. They can further be transformed into a pair
of stationary complex space voltage vectors (i.e. d-axis and q-axis vectors) by using the
Park transformation. The closed-loop feedback control system of the PLL ensures the
synchronization to the grid voltage by keeping the q-axis value close to zero. As reported
in [48], even though SRF-PLL has improved noise rejection capability thanks to the two
integrators connected in series in the controller open-loop gain, the output frequency and
the phase angle could still suffer from the low order harmonics in the supply voltage and
the negative sequence component at the fundamental frequency. Reducing the SRF-PLL
PI controller bandwidth can limit the influence of the lower order harmonics in the supply

1Aliasing is a condition wherein high frequency components translate to low frequencies if the sampling rate is
lower than twice the highest frequency in the signal

2Picket-fence effect is caused by frequencies, which are not an integer multiple of the fundamental frequency
3Leakage is due to not having an integer number of cycles in the waveform that is subjected to Fourier

transformation
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voltage and the negative sequence component at the fundamental frequency, however, it also
compromises the transient dynamic performance of the SRF-PLL.

To overcome the aforementioned trade-off between the noise rejection capability and the
PLL dynamic performance, innovative SRF-PLL concepts with advanced input filters are
listed below:

• Moving Average Filter PLL (MAF-PLL) [52–59]

• Complex Coefficient Filter PLL (CCF-PLL) [60–63]

• Notch Filter PLL (NF-PLL) [64–67]

• De-coupled Double SRF-PLL (DDSRF-PLL) [68–73]

Among the proposed new SRF-PLL concepts with an additional input filters, the DDSRF-
PLL [73] gained popularity due to its superior performance under grid fault conditions, and
in particular the single-phase-to-ground fault condition. The structure of the DDSRF-PLL
becomes cumbersome when it comes to the sequence component detection. Furthermore,
the cross-coupling structure can introduce potential algebraic loop issue for the digital
implementation.

To cope with the requirement for accurate sequence component detection with a scalable
structure, the Dual Second Order Generalized Integrator (DSOGI)-PLL is proposed for the
three-phase VSC. A Second Order Generalized Integrator (SOGI) was originally proposed
to build a Quadrature Signal Generator (QSG) [74, 75] that generates a stable orthogonal
signal pair in the grid synchronization for the single phase VSC application. A similar
structure is adopted for the three-phase PLL application using a DSOGI structure reported,
as in [76, 77]. In practice, the DSOGI-PLL offers superior band-pass filter capabilities
with a scalable control structure for the sequence component extraction without phase
lag. Based on the DSOGI-PLL concept, a so-called Frequency Locked Loop (FLL) [78] is
also proposed since the Proportional Resonance (PR) controller only requires the frequency
signal synchronized to the grid instead of the typical phase angle information required for
the dq-frame Proportional Integral (PI) controller. A DSOGI-FLL with the PR controller
can be used for the grid-connected VSC with better performance when compared to the
”traditional” PLL based controller. The grid frequency does not vary rapidly as opposed to
the grid phase angle during the grid disturbances. Nevertheless, the application of DSOGI-
FLL is limited due to the adaptive nature (i.e. non-linear) and the complexity in the
controller parameter selection. The current controller considered in this section uses the
typical PLL structure, where the dq-frame in the PLL is synchronized to the grid voltage
complex space vectors allowing for de-coupled active and reactive current control.

When the PLL tracks the phase angle accurately, the current control regulates the VSC’s
terminal voltage and ensures almost distortion-free current injection into the electric power
system. In general, a current controller can be categorized as either from a linear type or
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non-linear type. In the case of non-linear current controller, the hysteresis controller was
popular in the analogue era due to its simplicity in analogue control circuit implementation
[79, 80]. The grid phase angle from the PLL output can be used to generate the current
reference signal and typically three individual current controllers are used to regulate the
output current within the defined error band by the complimentary switching of the IGBT
bridge accordingly. However, this non-linear control method is increasingly less attractive
in the digital era since the high sampling frequency requirement outweighs its simplicity.
Other innovative, non-linear current controllers are also mentioned in the literature [41],
e.g. neural network based current controller, adaptive current controller, predictive current
controller, fuzzy logic based current controller, etc, however they all tend to contain an
application specific controller structure with the need for a case sensitive parameter selection
and tuning. Contrary to the parameter sensitive nature of the non-linear controller, linear
controllers are supported by matured linear control theory, where design/analysis produces
robust and reliable dynamic performance with the clear guidelines. The most popular three-
phase dq-frame current controller used in today dated back to 1986 [81], where the paper
explains the application of the PI controller in the dq-frame for high performance three-phase
current control utilizing the PWM modulator open-loop characteristic. Further analysis is
explained in [42,82,83]. The stationary-frame Proportional Resonance (PR) controller was
proposed and analyzed in [84, 85] by the same author. The simple structure of the PR
controller further enables the scalable implementation of the harmonic compensation and
other advanced control functions, which are difficult to implement in the case of the PI
controller in the dq-frame. Considering the maturity and widespread application of the
linear controller, this chapter focuses on the stability analysis of the VSC implementing a
linear controller.

Originally the small-signal LTI system model of the VSC is implemented only in the
dq-frame, where the output filter small-signal model is defined in the dq-frame via the
frequency translation. With the advancement of the PR controller for current regulation, the
resonance controller in the αβ frame becomes increasingly popular thanks to its capability of
being able to separately control not only the fundamental frequency sequence components,
but also the harmonic frequency sequence components despite all the difficulties reported
in the digital implementations.

Utilizing the conclusion from Chapter 3, a small-signal LTI model can be derived from
the two-level, grid-connected, power electronics. Combining this with the linear current
controller, the closed-loop and open-loop transfer function can be written and the stability
of the VSC system can be determined by following the linear stability theory detailed in this
chapter and verified via time domain simulation.

The remainder of this chapter is organized as follows: first, the phase-locked loop is
introduced as the most popular grid voltage synchronization technique. Next, the linear
current controller of the VSC is introduced, followed by the small-signal model of the
closed-loop transfer function, that consists of the LCL filter, digital and PWM delay, and
the current controller. The Nyquist stability criteria is applied for the stability analysis of the
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VSC with both the Inverter-side Current Control (ICC) and the Grid-side Current Control
(GCC). Their inherent stable operating region are revealed by considering the equivalent
grid impedance variation and verified by time domain simulations. The capacitor current
feedback is shown to be an effective active damping method that allows for an extended
stable operation region of both the ICC and the GCC schemes. A summary is provided in
the end of this chapter.

4.1 Grid Voltage Synchronization

Grid voltage synchronization is a precondition for the application of the VOC complex
space voltage vector for the power flow regulation and the de-coupled current control of
grid-connected VSCs. Therefore, it is necessary to accurately detect the grid voltage and
separate the fundamental positive sequence component from the grid voltage with the
possible background harmonic distortion. The phase-locked loop (PLL) is identified as the
preferred solution for the grid voltage detection, and different closed-loop control algorithms
have since been developed based on the SRF-PLL structure to achieve high performance in
the grid voltage synchronization [47]. In this section, the SRF-PLL, the DDSRF-PLL, the
DSOGI-PLL, and the DSOGI-FLL are simulated with the emulated practical grid cases and
their performance are compared and summarized. Only the theory of the fundamental SRF-
PLL is treated in this section; the theory of DDSRF-PLL, DSOGI-PLL, and DSOGI-FLL
can be found in Appendix A.

4.1.1Three-phase SRF-PLL

The most extended technique used for the three-phase power system is the Synchronous
Reference Frame-PLL (SRF-PLL) as shown in Fig. 4.1.

LPF

++

Figure 4.1: Schematic diagram of SRF-PLL

The operating principle of the SRF-PLL is based on the balanced three-phase voltage
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variables that can be defined as follows:

va(t) = V cos(θ)

vb(t) = V cos(θ − 2π

3
)

vc(t) = V cos(θ +
2π

3
)

(4.1)

where V and θ are the amplitude and the phase angle of the three-phase voltage variables,
respectively. The Clark transformation matrix T32 can be applied to convert the balanced
three-phase voltage variables to a pair of time varying, complex space voltage vectors, i.e.
vα and vβ , in the orthogonal plane. Following Euler’s equation, ejθ = cosθ + jsinθ and
applying the Park transformation, a pair of time varying, orthogonal, complex space, voltage
vectors becomes a pair of stationary, complex space, voltage vectors, i.e. vd and vq shown in
Fig. 4.1. [

vd
vq

]
= [T32][Ts2r]

vavb
vc

 (4.2)

where the magnitude-invariant Clark and Park transformation matrices are given as:

T32 =
2

3

1 −1

2
−1

2

0

√
3

2

√
3

2

 (4.3)

Ts2r =

[
cos(θ̂) sin(θ̂)

−sin(θ̂) cos(θ̂)

]
(4.4)

Feeding only the imaginary part vq into the PLL will generate the estimated output phase
angle θ̂. Considering the relation of the output phase angle θ̂ and the input q-axis input
voltage, given in (4.5), the goal of the control strategy is to make the estimated output θ̂
approach the input θ by keeping the input signal vq close to zero:

vd(t) = V cos(θ − θ̂) ≈ V

vq(t) = V sin(θ − θ̂) ≈ 0
(4.5)

SRF-PLL small-signal model

A small-signal linearized model is useful in the controller design and analysis. This section
introduces the small-signal model of the SRF-PLL and selects the controller parameters to
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be used in the time domain simulations. Following the schematic diagram of SRF-PLL
from the Fig. 4.1, the small-signal model of SRF-PLL can be derived by first defining a
perturbation on the Point of Common Coupling (PCC) voltage in the grid dq-frame4:

−→
Edq = ∆Ed + j∆Eq (4.6)

The grid voltage complex space vector can be written as:
−→
Edq = (

−−→
E1dq +

−→
Edq) (4.7)

where
−−→
E1dq = E1d + j0. Next, transform the

−→
Edq from the grid dq-frame to the converter

dq-frame:
−→
Ec
dq = (

−−→
E1dq +

−→
Edq)e

−j∆θ

≈ (
−−→
E1dq +

−→
Edq)(1− j∆θ)

≈ (E1d − jE1d∆θ +∆Ed + j∆Eq)

(4.8)

Taking only the quadrature component, then:

⇒ ={
−→
Ec
dq} = ∆Eq − E1d∆θ (4.9)

+
-

Figure 4.2: PLL small-signal closed-loop transfer function diagram

The small-signal model of SRF-PLL can be effectively represented as shown in Fig. 4.2,
where the ∆θ and the constant E1d represents a negative feedback loop. ∆Eq is the grid
voltage space vector small perturbation projected on the q-axis of the SRF, ∆ω represents
the PI controller output in rad/s, ∆θ is the phase angle output, and Vd1 is the grid voltage
space vector projected on the d-axis of the SRF when the perturbation ∆q is small. The
closed-loop transfer function Hpll(s) can be written as:

Hpll(s) =
GPI(s)

s+GPI(s)E1d
(4.10)

4−→Edq is used to denote the complex space grid voltage in the dq-frame as per the list of variables defined in the
beginning of the Chapter 5.
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where GPI(s) is the PI controller for the SRF-PLL defined as:

GPI(s) = Kppll +
Kipll

s
(4.11)

From (4.10), the closed-loop transfer function of∆θ can be expressed as [49]:

Hpll(s) =
GPI(s)

s+GPI(s)E1d

=
Kps+Ki

s2 +Kps+Ki

(4.12)

where E1d is normalized to 1. If the closed-loop second order system (4.12) is represented
in terms of its closed-loop roots natural damping frequency (ωn) and damping factor (ξ),
then (4.12) can be substituted as:

Hpll(s) =
2ξωns+ ω2

n

s2 + 2ξωns+ ω2
n

(4.13)

where ωn =
√
Ki and ξ =

Kp

2
√
Ki

.

According to [86], when ξ = 0.707 (optimal damping) the closed-loop bandwidth (ωbw)
of the second order system depicted in (4.13) can be approximated by its closed-loop roots
natural damping frequency ωn. Three sets of PLL parameters with a 45 degree phase margin
can be proposed with low, medium and high bandwidth, following the natural damping
frequency approximation ωn. The Bode diagram of the three sets of PLLs are shown in
Fig. 4.3(a), where the phase margin is marked by the dashed black vertical line at the 0 dB
crossover point.

From the control engineering textbook [86], the controller bandwidth is defined as the
frequency where the closed-loop gain equals to -3 db. Fig. 4.3(b) identifies the frequency in
rad/s precisely at the -3 dB for the closed-loop transfer function. The controller parameters
and the controller bandwidth at -3 dB, are summarized in the Table 4.1.

Table 4.1: PLL Parameters

Name Bandwidth[rad/s] Kp[p.u.] Ki[p.u.]

PLLlow ωbw1 = 17.4 8.4 100
PLLmedium ωbw2 = 55.1 26.6 1000
PLLhigh ωbw3

= 174.1 84 10000
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parameters - (a) open-loop (b) closed-loop
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Simulation results

Theperformance of SRF-PLL is satisfactory provided that the grid voltage contains negligible
low order harmonics [48]. The power system supply voltage distortion, however, can be
high. Three typical cases are selected and simulated to compare the dynamic performance of
the SRF-PLL, the DDSRF-PLL, the DSOGI-PLL, and the DSOGI-FLL operating under
realistic power system conditions:

• Case I: power system supply voltage with the background harmonics. 6% 5th
harmonics, 5% 7th harmonic, 3.5% 11th harmonic, 3% 13th harmonic are
superimposed on the nominal fundamental frequency voltage (i.e. 400 V Line-to-
Line RMS) according to the max limits set in EN 50160.

• Case II: bolted single-phase-to-ground fault at the PCC.

• Case III: fast frequency drop event with a 10 Hz/sec Rate of Change of Frequency
(ROCOF). It is emulated by modifying the fundamental supply voltage frequency as
a ramp-down event from 50 Hz to 46 Hz in 400 ms. The background harmonics
defined in Case I is included in this case as well.

In Fig. 4.4, the aforementioned three cases are illustrated with the averaged VSC simulation
model presenting the grid-connected, two-level, VSC connected to an ideal voltage source
behind an equivalent short circuit impedance. vinv is the output voltage of the VSC, L1 is
the inverter side inductor,Cf is the filter capacitor, L2 andLg are the grid side inductor and
equivalent grid short circuit inductor, respectively. vg is the ideal three-phase voltage source
with a solidly grounded neutral. Case I synthesizes the background harmonic distortions in
percentage to the nominal value and superimposes them on the nominal 50 Hz component.
Case II simulates the single-phase-to-ground-fault between the L2 and the Lg with a fault
clearing time of 400 ms. Case III emulates the fast ROCOF event by changing the frequency
of vg from 50 Hz to 46 Hz within 400 ms. The PLL measures the filter capacitor voltage
vc and estimates the grid frequency f and grid phase angle θ accordingly via the closed-loop
control transfer function Hpll(s) denoted in (4.10).

Fig. 4.6 demonstrates the frequency output of the SRF-PLL under the presence of the
background harmonic distortions and the single-phase-to-ground-fault. For the rest of the
simulation results analysis, only the frequency output is shown since the variation in the
PLL phase angle output is subtle. Moreover, when the variation in the frequency output
is significant, the phase angle output is certainly distorted. Fig. 4.5(a) shows the three-
phase voltage waveforms with the superimposed low-order harmonics. Three sets of PLL
parameters (see Table 4.1) are applied for the SRF-PLL, and Fig. 4.6(a) demonstrates the
harmonic oscillations in the PLL frequency output. A reduction of SRF-PLL bandwidth
could to some extend reduce the harmonic oscillations in the frequency output.

In Fig.4.5(b), the bolted single-phase-to-ground fault is applied at 2.5 sec and cleared after
400ms. Since the simulation considers a three-phase system with a solidly grounded neutral,
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Figure 4.4: Simplified single-phase diagram of the PLL case study

therefore during the fault the magnitude of remaining two phases stay the same. During the
fault, the frequency output of the PLL experienced significant 100 Hz oscillation due to
the presence of the negative sequence component in the dq-frame rotating in the positive
sequence direction as shown in Fig. 4.6(b). Three sets of PLL parameters are applied in
this case, despite the reduction in the magnitude of the 100 Hz oscillation with a lower
bandwidth of PLL controller, the oscillatory component is still too high for the correct phase
angle determination. The negative sequence component under the single-phase-to-ground
fault condition appears as a 100 Hz signal in the dq-frame rotating in the positive sequence
direction. Since the 100 Hz component is very close to the 50 Hz component, the complete
elimination of the 100 Hz oscillation will either significantly deteriorate the PLL dynamic
performance or require other type of PLL with an advanced input filtering capability.

In Fig.4.5(c), the system frequency is simulated to plummet from 50 Hz to 46 Hz
within 400 ms. The output frequency of the SRF-PLL is shown in Fig 4.6(c), where
three sets of PLL parameters are applied and their dynamic performance are compared.
Although the reduction of PLL controller bandwidth is beneficial for the input background
low order harmonics and the negative sequence component rejection, it could result in
unsatisfactory dynamic performance in the case of fast ROCOF for the frequency tracking
and consequently the phase angle determination. In Fig. 4.6(c), the frequency output closely
follows the system frequency when a higher bandwidth is employed (solid blue line) despite
the large harmonic oscillation as a result of the background voltage distortion defined for the
Case I. When a lower bandwidth is employed (solid orange line), even though the harmonic
oscillations is greatly reduced in the output frequency of the SRF-PLL, the penalty is the
oscillatory frequency output curve loosely follows the system frequency change indicating
poor synchronization to the grid voltage.

The simulations are repeated for the DDSRF-PLL, the DSOGI-PLL, and the DSOGI-FLL.
Their dynamic performance are compared to the SRF-PLL and summarized in the Table
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4.256. The followings can be concluded:

• Due to the lack of input filter, the SRF-PLL is unable to reject the influence of the
low-order background harmonics impact on the its output phase angle. The situation
becomes worst when it comes to the single-phase-to-ground fault. In the case of fast-
ROCOF, a sufficient bandwidth of the SRF-PLL will result in satisfactory output
frequency tracking.

• When it comes to the DDSRF-PLL, it can be concluded that the dynamic
performance is only improved for the single-phase-to-ground fault case, where the 100
Hz oscillation is ”notched” by the DDSRF-PLL cross-coupling feedback structure.

• The DSOGI-PLL can be considered as a QSG-DSOGI input filter in series with
the SRF-PLL. This demonstrates superior performance for the low order harmonic
distortion case, and the single-phase-to-ground case. For the fast ROCOF case, the
performance of the DSOGI-PLL is largely the same as that of the SRF-PLL since the
phenomena is within the bandwidth of the bandpass filter.

• The DSOGI-FLL presents an unique application for the frequency tracking that can
offer stable output during the transient fault event. Contrary to the sudden local phase
angle jump during the transient event, frequency is a gradual/stable system variable
determined by the mechanical rotational inertia. As a first order system, the DSOGI-
FLL offers stable frequency output in all the three cases, provided that the integral
gain is selected with care.

Table 4.2: PLL performance comparison

PLLs Case I Case II Case III Remark

SRF-PLL
(Fig. 4.6)

o
o o
o o o

o
o o
o o o

o
+
+ +

PLLlow

PLLmedium

PLLhigh

DDSRF-PLL
(Fig. 4.7)

o
o o
o o o

+ + +
+ + +
+ +

o
+
+ +

PLLlow

PLLmedium

PLLhigh

DSOGI-PLL
(Fig. 4.8)

+ + +
+ + +
+ +

+ + +
+ + +
+ +

o
+
+ +

PLLlow

PLLmedium

PLLhigh

DSOGI-FLL
(Fig. 4.9)

+ + +
+ + +
+ +

+ + +
+ + +
+ +

o o
o
+

PLLlow

PLLmedium

PLLhigh

5o indicates inferior dynamic performance
6+ indicates superior dynamic performance
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Figure 4.5: Time domain simulation - (a) Case I - supply voltage with background harmonic
distortion (b) Case II - supply voltage with single-phase-to-ground-fault, zoomed-in at the
fault clearance time instant (e) Case III - system frequency under fast ROCOF
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Figure 4.6: Time domain simulation with SRF-PLL - (a) SRF-PLL frequency output under
background harmonic distortion (b) SRF-PLL frequency output under the fault condition,
zoomed-in at the fault clearance time instant (c) SRF-PLL frequency output under fast
ROCOF
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Figure 4.7: Time domain simulation with DDSRF-PLL - (a) DDSRF-PLL frequency output
under background harmonic distortion (b) DDSRF-PLL frequency output under fault
condition (c) DDSRF-PLL frequency output under fast ROCOF
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Figure 4.8: Time domain simulation with DSOGI-PLL - (a) DSOGI-PLL frequency output
under background harmonic distortion (b) DSOGI-PLL frequency output under fault
condition (c) DSOGI-PLL frequency output under fast ROCOF
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Figure 4.9: Time domain simulation with DSOGI-FLL - (a) DSOGI-FLL frequency output
under background harmonic distortion (b) DSOGI-FLL frequency output under fault
condition (c) DSOGI-FLL frequency output under fast ROCOF



58 Chapter 4: Control of Grid-Connected VSC

4.2 Alternate Current Control (ACC)

With the correct determination of grid voltage phase angle, a high performance current
controller can be built with de-coupled active and reactive current control. Due to the
mature linear, small-signal stability toolbox, the linear current controller is favored due to
its scalable structure (e.g. cascaded controller structure for the active/reactive power control,
parallel PR controller for harmonic compensation) and predictable dynamic behavior that
can be designed and analyzed using the linear control theory (e.g. Nyqusit stability criterion).

This section focuses on the typical two-level VSC grid interface with a LCL output filter and
a cascaded linear controller structure as shown in Fig. 4.10. The outer loops are realized by
two parallel PI controllers regulating the DC bus voltage and the reactive power output to
a constant value, whilst the inner-loop is realized by using a Proportional Resonance (PR)
controllers regulating the inverter side current dynamics. The variables used listed:

∗ reference value

vc filter capacitor instantaneous phase-neutral voltage in the abc-frame

i1 inverter-side instantaneous current in the abc-frame

i2 grid-side instantaneous current in the abc-frame

i∗d alternating current control loop reference value in-phase with the grid voltage (i.e.
vc) in the dq-frame

i∗q alternating current control loop reference value in-quadrature with the grid voltage
(i.e. vc) in the dq-frame

P1 active power as calculated from the filter capacitor side

Q1 reactive power as calculated from the filter capacitor side

vdc DC voltage

v∗dc DC voltage reference value

The rest of this section is organized as follows: the small-signal modelling principle of the
LCL output filter, digital and PWM delay, and the inner current loop inverter current
control (ICC) and grid current control (GCC) are introduced first. Then the small-signal
closed-loop and open-loop transfer function of the ICC and the GCC scheme are presented.
Without the Active Damping (AD) function, the stable and the unstable operating region
of ICC and GCC can be identified by applying the Nyquist Stability Criteria (NSC). Time
domain simulations are performed to verify the stable and unstable operating region for the
ICC and the GCC schemes respectively. Next, the state-of-art active damping technique is
introduced to extend the stable operating region for both the ICC and the GCC schemes.
These are then verified by the time domain simulation results.
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Figure 4.10: Schematic diagram of a typical two-level VSC grid interface with a LCL output
filter and a cascaded linear controller structure

4.2.1 LCL Filter

In order to smoothen the current output of the grid-connected VSC, typically a high-order
LCL output filter is used instead of a L-filter to reduce the switching current harmonic
emissions together with cost savings, given the overall weight and size reduction [87, 88].
When a LCL output filter is used, attention should be paid to the impedance resonance point
when applying the small-signal stability analysis. From the small-signal point of perspective
(i.e. set vg in Fig. 4.10 to 0), the output admittance GiL1 of the inverter-side current
with respect to the inverter output terminal voltage vinv can be obtained by deriving the
equivalent impedance shown in Fig.4.11, whereL1 is connected in series with the impedance
formulated by parallel connection of filter capacitance Cf and grid side inductor L2.

GiL1(s)
∣∣∣
vg=0

=
I1(s)

Vinv(s)
=

CfL2s
2 + 1

(L1 + L2)s+ L1L2Cfs3
(4.14)

Similar to the derivation of GiL1, the output admittance of the grid side current i2 with
respect to the inverter output terminal voltage vinv can be expressed as:

GiL2(s)
∣∣∣
vg=0

=
I2(s)

Vinv(s)
=

1

(L1 + L2)s+ L1L2Cfs3
(4.15)
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Figure 4.11: Simplifieds single phase LCL circuit illustration

In this section, the grid is assumed to be strong (i.e. Lg = 0 mH).

4.2.2Digital and PWM delay

For a digitally controlled VSC, there will be computation delay and PWM delay. The
computation delay results from the time difference, labeled k in the Fig. 4.12, when the
current is sampled till the instant k+1 when the digital controller output voltage reference
signal is actually modified. In Fig. 4.12, the digital sample instance is updated twice at the
middle point of the PWM triangle carrier signal. This is referred to as synchronous PWM
sampling, and the digital computation delay in this case is one sample period marked in blue
band in Fig. 4.12.

The PWMdelay is mainly due to the Zero Order Hold (ZOH) effect, which holds the PWM
reference value constant (solid blue curve in (b) update of the Fig. 4.12) after it has been
updated, and it can be written by the expression below [89]:

Gpwm(s) =
1− e−sTs

s
(4.16)

The dashed blue curve in (b) update of the Fig. 4.12 visually represents the averaged value
of the PWM reference constant that is held on after every update. The pink band indicates
visually the approximated half sample cycle delay by considering the zero-order-hold effect
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of PWM. This approximation is mathematically derived as follows [90]:

Gpwm(jω) =
1− e−jωTs

jω

=
sin(0.5ωTs)

0.5ω
e−j0.5ωTs

≈ Tse
−j0.5ωTs

(4.17)

Figure 4.12: Digital controller delay and PWM zero-order hold effect

Considering sampling, computation, update and zero-order-hold effect of PWM, the total
digital delay Gd(s) is:

Gd(s) = e−Tss
1

Ts
Tse

−j0.5ωTs = e−1.5Tss (4.18)

where Ts is the digital sampling time and Tsw is the PWM sampling time. When the
synchronous PWM sampling7 is considered, then Tsw = 0.5Ts exists. The PWM digital

sampling is represented by
1

Ts
.

7synchronous PWM sampling is only one option
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AC Current Controller

For the ICC and the GCC schemes, a dq-frame Proportional Integral (PI) controller or
a αβ-frame Proportional Resonance (PR) controller can be used to regulate the current
without steady-state error. It is proven in [91] that a PR controller in the αβ-frame is
equivalent to the PI controller in the dq-frame when the PLL is considered to be ideal.
Therefore, only the PR controller is considered in this section and its transfer function can
be written in its ideal form as:

Gic,ideal(s) = Kp +
1

s− jω1
+

1

s+ jω1
= Kp +

2Kis

s2 + ω2
1

(4.19)

where ω1 is the fundamental frequency angular velocity (i.e. 314.159 rad/s), Kp is the
proportional gain constant, and Ki is the generalized integrator gain constant. In practice,
a damping term ωc is considered. The non-ideal PR controller transfer function can thus be
written as:

Gic(s) = Kp +
2ωcKis

s2 + 2ks+ ω2
1

(4.20)

4.2.3 Small-signal model

Considering only the inner current control loop and output LCL filter, the continuous
small-signal, closed-loop transfer function of the ICC and the GCC can be illustrated in
Fig. 4.13. Gic(s) is the transfer function of the current controller. Gd(s) is the total
time delay in the closed-loop system approximated by e−1.5sTs considering the sampling,
computation, update and zero-order-hold effect of PWM [90]. GiL1 and GiL2 are the
small-signal output admittance transfer function for the inverter side current i1 and grid
side current i2, respectively. The open-loop transfer functions of the ICC and the GCC
schemes are:

Toi1(s) = Gic(s)Gd(s)GiL1(s) (4.21)

Toi2(s) = Gic(s)Gd(s)GiL2(s) (4.22)

The stability of the ICC and the GCC schemes can be assessed by the linear control stability
theory applied to the LTI system, which is substantiated in the following section.

4.2.4Nyquist Stability Criterion (NSC)

A LTI system is considered stable when its closed-loop transfer function does not have any
Right Half Plane (RHP) poles, or in other words the roots of its characteristic equation are all
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Figure 4.13: Closed-loop transfer function diagram - (a) ICC transfer function diagram (c)
GCC transfer function diagram

negative real numbers. Nyquist Stability Criteria8 is identified as a simple yet effect method,
and is used in this section to determine the LTI system stability based on its open-loop gain
transfer function.

The Nyquist stability criteria can be expressed as the followings: a closed-loop control
system can be considered stable when ω changes from−∞ to+∞ the open-loop frequency
characteristic of system G(jω) H(jω) should satisfy Z = N + P = 0:

Z number of closed-loop poles in the RHP

N net number of encirclement of (−1, j0)

P number of open-loop poles in the RHP

For a stable open-loop system (i.e. P = 0), its Nyquist frequency contour shall not have
any encirclement of point (−1, j0). The number of encirclements of point (−1, j0) can be
seen as N = Z − P , where N is the net encirclement. If N > 0, it indicates clockwise
encirclement of N times, while N < 0 indicates anti-clockwise encirclement of N times.
When the P > 0 (unstable open-loop poles), N = −P would indicate P times anti-
clockwise encirclement of point (−1, ̇0) within Nyquist frequency contour. This gives a
stable system without closed-loop RHP poles.

When applying the NSC to a Bode diagram as shown in Fig. 4.14, one is effectively making
an analogy of the encirclement of point (−1, ̇0) in the Nyquist frequency contour when
looking at the crossover point at -180 degree a positive magnitude margin (> 0db) in the
Bode diagram. In the Bode diagram, when theω increases and the logarithmic phase diagram

8The reader is advised to review the control system textbook [86]
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cross the −180 degree horizontal line from the bottom to the top is defined as a ”positive”
crossover (i.e. N+) while the crossover of −180 degree horizontal line from the top to the
bottom is defined as a ”negative” crossover (i.e. N−). Since we only discuss the change of ω
from 0 to +∞, both the positive and negative crossover should be counted two times, i.e.
N = 2(N− −N+) as per definition in the textbook [86].

Figure 4.14: Nyquist stability criteria for LTI systems and its equivalent representation in a Bode
diagram

4.2.5Critical frequency - fs/6

The stable operation region of the ICC and the GCC schemes can be evaluated by applying
the NSC in the Bode diagram as described from the previous section. Considering the VSC
with the parameters listed in Table 4.3. Four different LCL resonance points, namely fr1,
fr2, fr3, fr4 are created with the variation of the filter capacitor value (see Table 4.4). It
can be found that the number of the open-loop unstable poles is zero for both Toi1 and
Toi2 when the active damping is not considered. To ensure the system stability, the net
encirclement N (i.e. N+ = N−) should be zero according to NSC.

Fig. 4.15(a) illustrates the open-loop transfer function Toi1 in Bode diagram. For the ICC
scheme, when the LCL filter resonance frequency fr is above fs/69, the magnitude is above
0dB and the phase will have negative crossover of -180 degrees indicating the presence of
closed-loop RHP poles, i.e. an unstable closed-loop system. When the LCL filter resonance
frequency is below fs/6, the magnitude is above 0dB and the phase will not experience a
negative crossover of -180 degrees indicating possible stable operation, as long as the current
controller parameters are selected appropriately.

Fig. 4.15(b) illustrates the open-loop transfer function Toi2 in Bode diagram. The stable
9This is defined for the two-level VSC with a synchronous PWM sampling
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Table 4.3: Main circuit parameters of the VSC

Parameter Value Unit
Rated Power 10 kVA
Grid fundamental frequency 50 Hz
DC Link Voltage Vdc 730 Volts
AC Line-to-Line Voltage Vrms 400 Volts
Lg grid impedance 0 mH
L1 Inverter side inductor 6 mH
L2 Grid-side inductor 3 mH
VSC control sampling frequency fs 10 kHz
VSC switching frequency fsw 10 kHz

Table 4.4: The VSC filter capacitor and resonance frequency

Parameter Value Unit
Cf1 Filter capacitor (fr1) 20 (0.795 kHz) µF
Cf2 Filter capacitor (fr2) 10 (1.125 kHz) µF
Cf3 Filter capacitor (fr3) 5 (1.592 kHz) µF
Cf4 Filter capacitor (fr4) 2 (2.517 kHz) µF

operating region of the GCC scheme is opposite to that of the ICC scheme. When the
LCL filter resonance frequency fr is above fs/6, the magnitude is above 0dB and the phase
will not have a negative crossover of -180 degrees indicating no presence of closed-loop
RHP poles, hence the closed-loop system will be stable as long as the current controller
parameters are selected appropriately. When the LCL filter resonance frequency is below
fs/6, the magnitude is above 0 dB and the phase will experience a negative crossover of
-180 degrees indicating the presence of closed-loop RHP poles, i.e. an unstable closed-loop
system.

In summary, both ICC and GCC have their inherent closed-loop stability separated by fs/6
(referred to as critical stability in [90]) but opposite in direction. With the careful selection
of the ACC parameter, the VSC with the ICC scheme will have stable closed-loop operation
with the LCL resonance frequency fr ∈ (0, fs/6) while the VSC with GCC will have stable
closed-loop operation with the LCL resonance frequency in the range fr ∈ (fs/6, fs/2).
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4.2.6 Simulation results - without active damping

Time domain simulation results are presented to verify the stable operating region, for both
the ICC schemeand GCC scheme, by applying the NSC in a Bode diagram. Assuming
a constant DC link voltage, Fig. 4.16 presents the grid-connected, two-level VSC for the
simulation with the ACC and the PLL controller as shown. Stationary PR controller has
been implemented for the ACC and a SRF-PLL is used for the grid voltage synchronization.

PWM

+

+ +

- -

+

-

+

-

-

+

-

Figure 4.16: Illustration of a Simplified single-phase VSC with stationary-frame PR controller

In Fig. 4.16, vdc is the DC link voltage considered as a constant for the small-signal analysis
of grid-connected VSC. vinv is the VSC terminal output voltage, vc is the filter capacitor
voltage and is used for the PLL grid voltage synchronization, vpcc is the PCC voltage where
the power grid is simplified as an equivalent short circuit impedance Lg behind an ideal
voltage source vg . Hpll(s) is the closed-loop transfer function of SRF-PLL defined in
(4.10) while Gic(s) is the transfer function of PR controller defined in (4.20). vref is the
output reference voltage from the digital controller and e−sTs represents the one sampling
cycle delay typical in the synchronized PWM sample scheme. Main circuit and controller
parameters are given in Table 4.3 and Table 4.5.

The open-loop gain transfer function Toi1(s) of ICC is plotted in Bode diagram as shown
in Fig. 4.17(a) for two scenarios, namely: Cf = 5 uF and Cf = 20 uF. At the negative
crossover of -180 degrees, the Cf = 5 uF case has a positive gain above 0 dB point (i.e.
unstable) while theCf = 20uF case has a negative gain below 0 dB point (i.e stable). In Fig.
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Table 4.5: ACC and PLL parameters of the VSC

Parameter Value Unit
Kp proportional gain of AC current control 31.4 Ω
Ki integral gain of AC current control 8225 Ω/s
ωc damping term of the PR controller π rad/s
Kppll proportional gain of PLL 0.283 rad/s
Kipll integral gain of PLL 13.0 rad/s2

4.17(b), the open-loop gain transfer function Toi2(s) of GCC is plotted in Bode diagram
for two scenarios, namely: Cf = 2 uF and Cf = 20 uF . At the negative crossover of the
-180 degrees, the Cf = 2 uF case has a negative gain below the 0 dB point (i.e. unstable)
while the Cf = 20 uF case has a positive gain above the 0 dB point (i.e. unstable). All the
stability analysis results are summarized in Table 4.6, where the time domain simulation as
shown in Fig. 4.18 found close matches for the stable and unstable cases. The variables used
in the time domain simulation results are listed:

Vabc three-phase instantaneous waveforms of the filter capacitor voltage

Iabc three-phase instantaneous waveforms of the inverter-side current

Igabc three-phase instantaneous waveforms of the grid-side current

Table 4.6: The ACC stability analysis with active damping

Case Stability
prediction

Figure
reference

Simulation
FFT analysis

Figure
reference

ICC:Cf = 5 uF
fr ≈ fs/6

Unstable
(1592 Hz) Fig. 4.17(a) Unstable

(1600 Hz)
Fig. 4.18(a)
(Fig. 4.18(c))

ICC:Cf = 20 uF
fr < fs/6

Stable Fig. 4.17(a) Stable Fig. 4.18(e)

GCC:Cf = 2 uF
fr > fs/6

Stable Fig. 4.17(b) Stable Fig. 4.18(f )

GCC:Cf = 20 uF
fr < fs/6

Unstable
(796Hz) Fig. 4.17(b) Unstable

(800 Hz)
Fig. 4.18(b)
(Fig. 4.18(d))
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Figure 4.18: ICC and GCC time domain simulation results with Lg = 0 mH - (a) ICC with
Cf = 5 uF (b) GCC with Cf = 20 uF (c) FFT analysis of ICC with Cf = 5 uF (d) FFT
analysis of GCC with Cf = 20 uF (e) ICC with Cf = 20 uF (f ) GCC with Cf = 2 uF
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4.2.7Lg sensitivity analysis

For an actual power system, the equivalent grid impedance (Lg , assumed to be 0 mH up
till now) is in fact a time-varying variable. Without the employment of active damping, a
sensitivity analysis is performed here as part of the stability analysis of the VSC with the ICC
and the GCC schemes. In Fig. 4.19, the open-loop gain Toi1 (see Table 4.3 and Table 4.5
for main circuit and controller parameters) is plotted in s Bode diagram with Cf = 20 uF
and Lg ∈ (0 mH, 1 mH, 10 mH). With the increase of Lg , the resonance point fr created
by the LCL+Lg component is shifting more towards below the fs/6 point, and it can be
seen that the magnitude remains below 0 dB at the negative crossover of -180 degrees. It can
therefore be concluded that once the LCL filter resonance frequency fr is fixed below the
critical stability frequency fs/6, the VSC with the ICC scheme is unconditionally stable,
regardless of the equivalent grid impedance Lg variation, as this will only the frequency
further.
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Figure 4.19: open-loop transfer function of the VSC with ICC in Bode diagram with a varying
equivalent grid impedance Lg and Cf = 20 uF - (i) dotted blue line for Lg = 0 mH (base
case), (ii) dashed red line for Lg = 1 mH (iii) solid yellow line with Lg = 10 mH

Time domain simulation is performed to verify the stability prediction using the Bode
diagram and applying the NSC, as shown in Fig. 4.19. In Fig. 4.20, simulation results
with the Lg = 0 mH and the Lg = 10 mH are shown. For both cases, stable operation are



72 Chapter 4: Control of Grid-Connected VSC

observed upon the initiation of the VSC output. These results affirms the analytical stability
prediction by applying the NSC in a Bode diagram.
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Figure 4.20: ICC time domain simulation results with Cf = 20 uF - (a) simulation results
with Lg = 0mH (b) simulation results with Lg = 10mH

In Fig. 4.21, the open-loop gain Toi2 (see Table 4.3 and Table 4.5 for main circuit and
controller parameters) is plotted in Bode diagram with Lg ∈ {0mH, 10mH, 30mH} and
Cf = 5uF . With the increase ofLg, the resonance point fr, formulated by the components
LCL+ Lg , is shifting from above the fs/6 mark towards below the fs/6 mark. Since the
stable operation region of GCC is constrained to fr ∈ (fs/6, fs/2), the LCL+Lg resonance
frequency can be seen to fall below the fs/6mark for Lg = 30mH . AT this point the gain
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is above 0 dB with a negative -180 degrees crossover (i.e. unstable closed-loop poles). It can
be concluded that the VSC with the GCC scheme is only conditionally stable since the grid
impedance variation could shift resonance frequency from above the fs/6 mark (i.e. stable
region) to below the fs/6 mark (i.e. unstable region)
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Figure 4.21: GCC open-loop transfer function of the VSC with Cf = 2 uF - (i) dotted blue
line for Lg = 0 mH (base case) (ii) dashed red line for Lg = 10 mH (iii) solid yellow line
with Lg = 30 mH

Time domain simulation is performed to verify the stability prediction of the GCC scheme
as a variation of the equivalent grid impedance Lg as shown in Fig. 4.22. The VSC with
the GCC scheme is simulated with the Lg = 0 mH and Lg = 30 mH cases. For the
case with Lg = 0 mH, it can be seen that the resonance frequency is above fs/6. After
initiation of the VSC output, the system remains stable operation (see Fig. 4.22(c)). For
the case with Lg = 30 mH, the increase of Lg brings the resonance frequency formed
by LCL+Lg slightly below fs/6, indicating unstable operation. After initiation of the VSC
output, the high frequency resonance starts to develop as shown in Fig. 4.22(a). FFT analysis
demonstrates the dominant harmonic component at 1600 Hz in good agreement with the
prediction when applying the NSC as shown in the Fig 4.21 with the solid yellow line. The
results affirms the conclusion that the VSC with GCC is only conditionally stable depending
on the grid impedance variation.
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Figure 4.22: GCC time domain simulation results with Cf = 2 uF - (a) simulation results
with Lg = 30 mH (b) FFT results with Lg = 30 mH (c) simulation results with Lg = 0
mH
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4.3 Active Damping (AD)

The stability of a VSC when considering the ACC and its output filter, is mainly dictated
by the inherent total digital delay and its LCL filter resonance point. Digitgal delay
compensation and LCL filter resonance damping methods can be applied to improve
the inherent stable operating region. The asynchronous PWM sampling [90] and digital
delay compensation algorithm [89] are proposed to improve the stability of the VSC.
In the case of asynchronous PWM sampling, due to the reduced computation time and
the asynchronous sampling instant, the digital controller could suffer from computational
overrun and switching noise input as a result of the sample instance coinciding with
the PWM switching instant. In the case of the digital algorithm for the direct delay
compensation, the complexity and the case specific nature are the main barriers to prevent
it from wide industrial application.

Contrary to the complex, yet parameter sensitive, delay compensationmethods, damping the
LCL filter resonance via the insertion of a passive resistor [88,92] or using the control variable
feedback method [90,93–101] are simple and reliable solutions. Due to the additional losses
and the reduction on the overall system efficiency, the insertion of a passive resistor is not
favored for high power applications despite being a simple and reliable solution [88, 92].
Inspired by the insertion of a physical resistor, virtual resistor is proposed to damp the LCL
invoked resonance without causing additional losses. The virtual resistor method utilizes
control variable feedback and the open-loop feature of the PWM modulator to emulate the
passive component, by changing the VSC output terminal voltage. Fig. 4.23 demonstrates
theVSCwith the PR controller for theGCC and the proportional capacitor current feedback
for the AD.

In Fig. 4.23, i2 is the measured grid-side current and regulated to the setpoint i∗2 in the
closed-loop control. vdc is the DC link voltage, which is considered to be a constant for the
small-signal analysis of the grid-connected VSC. vinv is the VSC terminal output voltage, vc
is the filter capacitor voltage and is used for the PLL grid voltage synchronization, vpcc is the
PCC voltage where the power grid is simplified as an equivalent short-circuit impedance Lg

behind an ideal voltage source vg . Hpll(s) is the closed-loop transfer function of SRF-PLL
defined in (4.10) while Gic(s) is the transfer function of PR controller defined in (4.20).
vref is the output reference voltage from the digital controller and e−sTs represents the one
sampling cycle delay typical in the synchronized PWM sample scheme. The main circuit
and controller parameters are given in Table 4.7. The equivalent virtual impedance, namely:
the virtual resistor Req(s) and the virtual inductor Xeq(s), are shown in red as a function
of frequency due to the digital delay (see (4.23) and (4.24)). Fig. 4.24(a) shows the transfer
function of the GCC scheme and considers the connection of a physical resistor Rd. The
connection of the physical resistor Rd can be emulated at the VSC terminal voltage vinv by
the dashed feedback transfer functions following the equivalent signal propagation as shown
in Fig. 4.24(b). Hi2c(s) is the proportional gain constant that can be derived from the
equivalent movement of the transfer function signals, where a virtual resistor can be emulated
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Figure 4.23: Illustration of a simplified single-phase VSC with a PR controller for the GCC and
capacitor current feedback for the AD

by the control of the VSC output voltage vinv . It should be noted that feeding a measured
control signal directly to the VSC electrical output is not possible, however it is feasible to
feed the capacitor current control signal into the digital controller output summation point
before the PWM modulation input. [90] revealed that, considering the digital delay, the
proportional capacitor current feedback is equivalent to a parallel circuit of a virtual resistor
and an inductor, as illustrated in Fig. 4.23.

Following the feedback transfer function shown in Fig. 4.24(b), the transfer function of
Hi2c(s) can be written as:

Hi2c(s) =
L1s

RdCfsGd(s)

=
L1

RdCf
es(λ+0.5)Ts

, Rde
s(λ+0.5)Ts

(4.23)

whereRd = L1/(Hi2cCf ) is the equivalent virtual resistor of the capacitor current feedback
active damping function without any delays [102]. λ = 1 represents one sample cycle delay
for the synchronized PWM sampling. Considering the digital delay and substituting s = jω
into (4.23) yields the equivalent virtual impedance Zeq(jω):
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(a)

(b)

Figure 4.24: Transfer function diagram of AD with the equivalent signal propagation for the
VSC with the GCC

Zeq(jω) = Rdcos(λ+ 0.5)ωTs + jRdsin(λ+ 0.5)ωTs

, Req(ω)//jXeq(ω)
(4.24)

where the virtual resistor Req(ω) and the virtual inductorXeq(ω) are frequency dependent
and considered to be connected in parallel. Fig. 4.25 shows the virtual resistor and the
virtual inductor as a function of the frequency. For the synchronous PWM sampling case
(i.e. λ = 1 in solid red line), the virtual resistance value is asymptotic at fs/6. When the
frequency is above fs/6, the virtual resistance is negative; when the frequency is below fs/6,
the virtual resistance is positive. The virtual inductance value is asymptotic at fs/3. When
the frequency is above fs/3, the virtual inductance is negative; when the frequency is below
fs/3, the virtual inductance is positive. It should be noted that when the virtual resistance
is negative, it will generate a pair of RHP poles for the open-loop transfer function of the
VSC. Additionally, the impact of the digital delay on the virtual impedance are revealed by
plotting the zero-cycle digital delay and 0.5-cycle digital delay in dashed blue line and dash
dotted green line, respectively. It can be observed that when the one digital cycle delay is
not considered, only positive virtual resistance values will be generated below fs/2 retaining
passivity (i.e. energy dissipating) for a wider range. When the asynchronous PWM sampling
is considered, the digital delay can be reduced to, for example, half cycle delay, then the
passivity region of the virtual resistance can be extended from fs/2 to fs/4. In the rest of
this section, we consider only 1.5 sample cycle delay for the synchronous PWM sampling,
which is widely applied to the VSC applications.
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Figure 4.25: Frequency plot of an equivalent virtual impedance Zeq(ω) as a function of
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4.3.1 Simulation results - GCC with AD

Applying the main circuit and controller parameters summarized inTable 4.7, the open-loop
gain transfer function Toi2 with the GCC and the AD function can be written as:

Toi2(s) =
Gic(s)Gd(s)GiL2

1 +Gd(s)Hi2c(s)Gvc(s)Cfs
(4.25)

where Gic(s) is the PR controller for the GCC, Gd(s) is the total digital delay, GiL2 is the
output admittance of the grid side current i2 with respect to the input voltage vinv . Hi2c is
the proportional gain defined in (4.23). Gvc(s) is the transfer function of the filter capacitor
voltage with respect to the input voltage vinv :

Gvc(s) =
L2Cfs

2

L1L2s2 + (CfL1 + CfL2)s2
(4.26)
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Table 4.7: Parameters of the VSC with the GCC and the AD

Main electrical parameters Value Unit
Rated Power 10 kVA
Grid fundamental frequency 50 Hz
DC Link Voltage Vdc 730 Volts
AC Line-to-Line Voltage Vrms 400 Volts
Lg grid impedance 0 mH
L1 Inverter side inductor 6 mH
L2 Grid-side inductor 3 mH
Cf Filter capacitor 20 µF
VSC control sampling frequency fs 10 kHz
VSC switching frequency fsw 10 kHz
ACC and PLL controller parameters
Kp proportional gain of AC current control 17.136 Ω
Ki integral gain of AC current control 2447 Ω/s
ωc damping term of the PR controller π rad/s
Kppll proportional gain of PLL 0.2817 rad/s
Kipll integral gain of PLL 12.9578 rad/s2

Kd proportional gain of capacitor voltage feedback 1

Fig. 4.26 plots the open-loop transfer function Toi2 in a Bode diagram considering different
virtual resistor values, namely Rd ∈ {∞, 30, 20, 10, 5, 1} Ω. A zoom-in is provided near
the -180 degrees crossover point as shown in Fig. 4.26(b). Without AD (i.e. Rd = ∞),
the system will be unstable with a positive gain above 0 dB at the negative -180 crossover.
Decreasing the resistance of the ideal virtual resistanceRd will not only reduce the resonance
peak of the LCL filter but also shift the original resonance frequency fr towards a higher
frequency. For theRd = 20 case, shown as in solid orange line, the resonance point marked
in black is damped below 0 dB. In Fig. 4.26(b), the -180 degrees crossover is marked with
dashed black vertical line and the gain is below 0 dB indicating the presence of no closed-loop
RHP poles for the GCC scheme.

Time domain simulation is performed for theRd = 20Ω case, to verify the stability analysis
when applying the NSC. Fig. 4.27 shows the effect of the active damping function by
removing the AD functionality from the control loop between seconds 0.38 and 0.4. It
can be see that the inverter-side and the grid-side currents are both unstable during the AD
blackout period. The identified oscillation frequency (i.e. 800 Hz) in the FFT analysis is
in good agreement with the frequency analysis prediction when applying the NSC in Fig.
4.26(b).
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Figure 4.26: open-loop transfer function diagram of the VSC with the GCC and AD
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Figure 4.27: Time domain simulation of the VSC - (a) time domain results with Rd = 20 Ω (b) FFT analysis results with Rd = 20 Ω



82 Chapter 4: Control of Grid-Connected VSC

4.3.2 Simulation results - ICC with AD

The proportional feedback of the capacitor current has originally developed to extend the
stable region of GCC to below fs/6 so that the stable region is unconditional to grid
impedance variations when the LCL resonance frequency is tuned to below fs/6. In the
case of GCC, the proportional feedback of the capacitor current can be considered to be
equivalent to the virtual impedance connected in parallel to the filter capacitor. However,
such a clear physical meaning can not be derived for the ICC case since the capacitor current
feedback loop is considered to be outside of the feedback loop of the inverter side current
i1, as shown in Fig. 4.28(a), which implies that the equivalent signal propagation cannot be
applied directly. [93] proposes an equivalent closed-loop transfer function transformation
of the ICC to the GCC so that the equivalent signal propagation can be applied. In
Fig. 4.28(b), the ICC can be considered to be equivalent of the GCC with a capacitor
current feedback loop, where the loop gain is the transfer function of the inherent current
controller Gic(s). The Gic(s) consists of a proportional gain and integral gain multiplied
by a resonator with a damping factor. The resonator is a band-pass filter that rejects all the
signals except for the signal near the resonance frequency with a band defined by the damping
factor. In the case of the capacitor current feedback, where only the high frequency signal (i.e.
well above 50 Hz) is retained by the capacitor filter Cf , theGic(s) can be approximated by
Kp [93]. Furthermore, an additional capacitor current feedback loopHi1c(s) can be added,
and the total capacitor current feedback can then be considered asHic(s) = Kp+Hi1c(s),
where Kp indicates the inherent active damping in the ICC scheme while the Hi1c(s) is
the additional active damping being added. Fig. 4.28(c) presents the equivalent of the ICC
scheme with active damping in the form of the GCC scheme. It should be noted that the
selection ofHi1c(s) depends on the current controller proportional gainKp since the total
feedback loop gain Hic(s) = Kp + Hi1c(s) corresponds to the physical equivalent of a
virtual impedance connected in parallel with the filter capacitor.

Similar to the case with the GCC, Fig. 4.23 demonstrates the considered VSC with the ICC
by changing the current measurement switch from i2 to i1. Applying the main circuit and
controller parameters summarized in Table 4.8, the open-loop transfer function of the ICC,
whilst considering the capacitor current feedback loop can be written as:

Toi1(s) =
Gic(s)Gd(s)GiL1

1 +Gd(s)Hi1c(s)Gvc(s)Cfs
(4.27)

where Gic(s) is the PR controller for the ICC, Gd(s) is the total digital delay, GiL1 is the
output admittance of the inverter-side current i1 with respect to the input voltage vinv .
Hi1c is the proportional gain as shown in Fig. 4.28(c). Gvc(s) is the transfer function of
the filter capacitor voltage with respect to the input voltage vinv :

Gvc(s) =
L2Cfs

2

L1L2s2 + (CfL1 + CfL2)s2
(4.28)
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(a)
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Figure 4.28: Transfer function diagram of AD with the equivalent signal propagation for the
VSC with the ICC

The open-loop gain transfer function Toi1(s) can be plotted in Bode diagram and its stability
can be assessed by the NSC. Fig. 4.29(a) presents the Bode diagram of the open-loop gain
transfer function Toi1(s) with Hi1c(s) ∈ {0, 1, 10, 20}. The original LCL filter resonance
point fr without active damping (i.e. Hi1c = 0 is shown at 2.5 kHz by the solid blue curve.
A zoom-in is provided in Fig. 4.29(b), where the -180 degrees crossover point is marked
vertically with a dashed black line. Without active damping (i.e. Hi1c = 0), the system
is, from a small-signal point of view, unstable since the gain is greater than 0 dB when the
phase has a negative crossover of -180 degrees, implying no open-loop poles in the RHP. As
the capacitor current feedback gain Hi1c increases, the LCL resonance is damped to below
0 dB and the resonance frequency fr is decreasing further below fs/6. When the capacitor
current feedback gain Hi1c is 20, as shown by the solid purple line in Fig. 4.29(b) crosses
-180 degrees with its gain below 0 dB, indicating stable closed-loop operation.
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Table 4.8: Parameters of the VSC with the ICC and AD

Main electrical parameters Value Unit
Rated Power 10 kVA
Grid fundamental frequency 50 Hz
DC Link Voltage Vdc 730 Volts
AC Line-to-Line Voltage Vrms 400 Volts
Lg grid impedance 0 mH
L1 Inverter side inductor 6 mH
L2 Grid-side inductor 3 mH
Cf Filter capacitor 5 µF
VSC control sampling frequency fs 10 kHz
VSC switching frequency fsw 10 kHz
ACC and PLL controller parameters
Kp proportional gain of AC current control 37.7 Ω
Ki integral gain of AC current control 11844 Ω/s
ωc damping term of the PR controller π rad/s
Kppll proportional gain of PLL 0.2817 rad/s
Kipll integral gain of PLL 12.9578 rad/s2

Kd proportional gain of capacitor voltage feedback 1

To verify the stability prediction when applying the NSC in the Bode diagram, time domain
simulation is performed while applying the main circuit and controller parameters as given
inTable 4.8. Fig. 4.30(a) gives the three-phase waveforms of the filter capacitor voltage Vabc,
the inverter side current Iabc, and the grid side current Igabc. Upon the initiation of the VSC
output, the inverter side current is quickly regulated to its steady-state values, at around 0.32
second the AD loop is disabled and the oscillations grow quickly. At around 0.34 second, the
AD loop is enabled again and the VSC resumes stable operation. FFT analysis is performed
for the duration when the AD loop is disabled and the results are shown in Fig. 4.30(b),
where dominant harmonic components are shown near 2500 Hz in accordance with the
stability prediction shown in Fig. 4.29 with the solid blue line withHi1c = 0 (i.e. no AD).
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Figure 4.29: open-loop transfer function diagram of the VSC with the GCC using the capacitor current feedback for the AD. Main circuit
and controller parameters are summarized in Table 4.8
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Figure 4.30: Time domain simulation results for the VSC with the ICC and the AD (a) time domain results with Hi1c = −20 (b) FFT
analysis results with Hi1c = −20
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In summary, the application of capacitor current feedback will provide active damping to
the VSC and extend both the ICC and GCC stable operating region. In the case of GCC,
the capacitor current feedback over a proportional gain is equivalent to a parallel connection
of a virtual impedance to the filter capacitor. The stable operation region can be extended to
also below fs/6 as well as above fs/6 provided that the current controller parameters and
the capacitor current feedback gain are selected properly. When the synchronized PWM
sampling is considered, the one and a half digital sample cycle delay will introduce a pair
of RHP poles for the open-loop gain Toi2 when the AD is considered. Applying the NSC
criterion, the closed-loop system is only stable when the following criteria is met for P=2:

• N+ = 1, one positive crossover of -180 from bottom to top while the gain is above 0
dB. Gain Margin (GM) below 0.

• N− = 0, zero negative crossover of -180 from top to bottom while the gain is below
0 dB. Gain Margin (GM) above 0.

• N = 2(N−−N+) = −2. Z = N+P = −2+2 = 0 indicates that the closed-loop
system has no RHP poles, henceforth the system is closed-loop stable.

It should be noted that the aforementioned criteria is difficult to meet when the original
resonance point is close to fr/6, hence the choice of the AD feedback loop gain is critical
and sensitive when operating near the region of critical frequency fr/6.

In the case of ICC, the capacitor current feedback over a proportional gain can be
equivalently considered as theGCC schemewith an inherent capacitor current feedback loop
gain (i.e. Gic(s) ≈ Kp) in parallel with an additional capacitor feedback loop gainHi1c(s).
The stable operation region can be extended to above fs/6. Since most industrial VSC
applications consider only inverter side current control, due to the built-in sensor for the
IGBT over-current protection, the possible extension of the stable region to also above fs/6
is attractive since it allows a further reduction on the cost and size of the LCL output filter.
When the LCL filter is selected with a resonance frequency above fs/6 to save on cost, then
AD should be applied to ensure that the stable operation of the VSC and careful parameter
selection is necessary to cope with the potential equivalent grid impedance variation (i.e.
resonance frequency variation), especially close to the critical fs/6 region. Alternatively, if
the LCL filter parameter is selected with the resonance frequency below fs/6, the application
of AD will enhance the stability margin and allow for more flexible controller parameter
selection with a higher control bandwidth.

4.4 Summary

This chapter discussed the operating principle of the three-phase, grid-connected VSC using
PLL and linear current control. The performance of three types of PLL as well as the FLL



88 Chapter 4: Control of Grid-Connected VSC

techniques are evaluated under three typical power system events and it is concluded that
the DSOGI-PLL gives the best performance compared to the SRF-PLL and the DDSRF-
PLL. The DSOGI-FLL has a strong potential to offer better performance under transient
events and the combination of usingDSOGI-FLL and PR controller with only the frequency
tracking is promising despite the foreseeable difficulties in the tuning of the FLL and the
adaptive control nature of the setup, which prohibits the direct use of linear control theory.

Next to the discussion of the PLLs and FLL, theVSC using the linear controller with the ICC
and theGCC schemes have been presented and their individual closed-loop transfer function
are derived. Without the AD function, the inherent stable operation region of the VSC with
the ICC and the GCC schemes are revealed for the synchronous PWM sampling scheme,
considering 1.5 sample cycle delay. It has been seen that, separated by the critical frequency
fs/6, the ICC schemewill maintain stable operation when its LCL filter resonance frequency
is tuned below fs/6, provided that the controller parameters are selected properly. The
inherent stability will be unconditional regardless of the equivalent power grid impedance
variation as long as the LCL filter resonance is tuned originally to a value below fs/6.

In the case of the GCC scheme, it will maintain stable operation when its LCL filter
resonance frequency is tuned to a value above fs/6 and this stability is conditional since
the variation of the equivalent grid impedance could shift the resonance frequency, created
by LCL+Lg , from a value above fs/6 to a value below fs/6. Time domain simulations have
been performed and close matches are found with the frequency analysis predictions in the
Bode diagram when applying the NSC.

To extend the stable operation region of theGCC and the ICC schemes, the capacitor current
feedback is considered to extend the stable operation region for both the GCC and ICC
schemes. With the consideration of the AD implemented by the capacitor current feedback
method, the GCC scheme is also definite stable for the LCL filter resonance tuned to a value
below fs/6. When it comes to the ICC scheme, the stable operation region is extended
also to above fs/6, which allows the reduction on the size LCL filter, and eventually brings
down the overall cost of the VSC system. It should be mentioned that for both the ICC
scheme and the GCC scheme with the AD function implemented by the capacitor current
feedback method, when operating near the fs/6 region requires demanding and careful
selection of the current controller parameters, the capacitor current feedback gain, and the
LCL parameters.



5
Impedance-based Stability Analysis

For the study of the small-signal stability of a power system, where multiple grid-connected
VSCs are connected within the vicinity of each other, the impedance-based method was
identified as an effective yet simple technique. The impedance-based method was first
proposed in [103] for the study of DC regulator stability with various concentrated output
filter configurations (i.e. simple RLC circuit with constant parameters). Since then this
method has been adopted and extended for the study of low and high frequency small-signal
stability in the AC power system with grid-connected VSCs [104–107]. The research work
[104–107] effectively bridges the original impedance-based stability technique developed
in the DC system [103] to the AC system by taking into account the Alternating Current
Control (ACC) with the Phase-locked Loop (PLL) effects in the dq-frame [104–106] and
later in the αβ-frame [107]. Several study cases are reported showing the effectiveness of the
impedance-based stability analysis [108–113] .

Before entering the analytical VSC input admittance derivation, the convention of electrical
symbols used in this section is introduced first. Bold letters with a vector sign −→ on top of
the symbols are used to denote complex space vectors (e.g.

−→
E = Eα+jEβ for PCC voltage)

and complex transfer functions (e.g.
−→
Gtcl(s) = Gtcl,α(s) + jGtcl,β(s) for the closed-loop

ACC transfer function). The real space matrices are expressed with italic letters and ”m”
in its superscript (e.g. Em =

[
Eα Eβ

]T ). Whenever referred to the grid dq-frame, a
subscript ”dq” is added for the complex space vectors and complex transfer functions (e.g.
−→
Edq = Ed + jEq and

−−−→
Yop,dq(s) = Yop,d(s)+ jYop,q for the PCC voltage and VSC output

89
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admittance in the rotating dq-frame with reference to the grid, respectively). Whenever
referred to the converter dq-frame synchronized by the PLL, a superscript ”c” is added for
the complex space vectors (e.g.

−→
Ec
dq = Ec

d + jEc
q and

−→
Icdq = Icd + jIcq refer to the PCC

voltage and the output current in the converter PLL synchronized dq-frame)

The rest of this chapter is organized as follows: first, the VSC input admittance considering
the ACC loop only is derived for the dq-frame PI controller, then the PLL effect is added
through small-signal linearisation around a given operating point. Since the Synchronous
Reference Frame (SRF)-PLL, fundamental to all the advanced PLL concepts, is defined in
the dq-frame only, the input admittance is derived in the dq-frame first, then frequency
translation is performed to obtain theαβ-frame input admittance in the 2×2 complex space
transfer function matrix. Following the same approach, the input admittance is derived for
the grid-connectedVSC interface with theαβ-frame PR controller. In the end, experimental
results are presented for the verification of the analytical prediction using the impedance-
based stability method.

5.1 Alternating current control loop

With reference to the conclusion of Chapter 3, when the DC link voltage Vdc is regulated
to a constant and the power switching stage of the power electronics can be considered
as an ideal ”linear amplifier” (i.e. single input and single output with a constant gain), a
small signal LTI model can be defined in the dq-frame to describe the dynamic behavior of
the grid-connected, two-level, VSC around a given DC link voltage operating point. For
three-phase VSC application, a PI controller in the synchronous reference frame (henceforth:
synchronous-frame PI controller) is widely applied for the inner ACC. For this reason, the
input admittance of the VSC is firstly derived with the synchronous-frame PI controller for
the ACC.The grid-connected VSC interface small-signal model with the synchronous-frame
PI controller for the ACC is shown in Fig. 5.1.

In Fig. 5.1, capacitor voltage vcf is measured for the grid synchronization of the PLL.
HPLL(s) is the closed-loop transfer function of PLL. i∗dq and idq are reference current
set-points and measured inverter side current in the dq-frame. Gic(s) represents the PI
controller for the ACC in the dq-frame. L1 denotes the inverter side inductor, L2 denotes
the grid side inductor, and Cf denotes the filter capacitance. Lg indicates lumped grid
impedance, vg is the ideal voltage source emulating the grid voltage. vdc is the constant
DC link voltage upon which the small-signal model is derived for the VSC. vo is the VSC
terminal voltage output. vc is the digital controller output voltage reference signal. e−sTs

represents the one sampling cycle delay considering sampling, computation, and update
effects. vm is the actual voltage input signal for the PWM modulator. For the analysis in
this chapter, the current is defined from the VSC towards the grid (black arrow shown in
Fig. 5.1)
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Figure 5.1: Grid-connected VSC interface closed-loop transfer function with the dq-frame PI
controller

The input admittance of the VSC can be derived with regards to the filter capacitor terminal
voltage as shown in Fig. 5.2, where the ACC loop and PLL control loop are explicitly shown.
In Fig. 5.2, Gic,dq(s) is the dq-frame PI controller, defined as:

Gic,dq(s) = Gic(s) = Kp +
Ki

s
(5.1)

Gd(s) indicates one and a half sampling cycle delay caused by the digital computation and
the PWM zero-order hold effect, respectively [90]:

Gd(s) = e−1.5Tss (5.2)

Yop(s) and Yip(s) represents the passive L filter output and input admittance respectively
in the αβ-frame; Their dq-frame equivalent are complex transfer functions obtained via the
frequency translation as:

−−−→
Yop,dq(s) = Yop(s+ jω1) =

1

L1(s+ jω1) +R1

−−−→
Yip,dq(s) = Yip(s+ jω1) =

1

L1(s+ jω1) +R1

(5.3)

Consequently, the open-loop gain To is obtained as:

To(s) = Gic(s)Gd(s)Yop(s+ jω1) (5.4)
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Figure 5.2: Grid-connectedVSC interface input admittance transfer function with the dq-frame
PI controller

In the dq-frame, the small-signal AC output current can be written as shown below with∆
being omitted for simplicity (see [104] for the detailed derivation):

−→
Idq =

−→
I∗dq

To(s)

1 + To(s)︸ ︷︷ ︸
Gtcl(s)

−−→
Edq

Yip(s+ jω1)

1 + To(s)︸ ︷︷ ︸
Yto(s)

(5.5)

where Gtcl(s) is the closed-loop ACC transfer function in the dq-frame while Yto(s) is
defined as the input admittance of the VSC in the dq-frame considering the AC current
controller only.

5.2 Phase-locked loop effect

With reference to Chapter 4, despite the rapid development of innovative PLL concepts
[15,47], the core structure of a PLL remains unaltered but enhanced with the input filtering
capability and the adaptive frequency tracking capability (e.g. DSOGI-PLL). For the analysis
of PLL impedance shaping effect, SRF-PLL represents the core of the most commonly
applied PLL structures found in many VSC applications and is selected for the study in this
chapter. First, the small signal model of SRF-PLL derived in Chapter 4 is revisited. Then,
the small signal perturbation theory is applied to describe the current reference point change
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and the output voltage change caused by the phase angle change∆θ as a result of the external
voltage perturbation e. Due to the asymmetric effect of the SRF-PLL on shaping of the VSC
input admittance, the derived dq-frame input admittance becomes a 2×2 asymmetrical real
space matrix. Eventually this 2 × 2 asymmetrical real space matrix in the dq-frame can be
written as a 2 × 2 complex space matrix in the dq-frame and later a 2 × 2 complex space
matrix in the αβ-frame via the frequency translation.

5.2.1 SRF-PLL small-signal model

The small-signal model of the SRF-PLL can be effectively represented as in Fig. 5.3, where
∆θ, via a gain constant E1d, presents a negative feedback loop path. In Fig. 5.3, ∆Eq

+
-

Figure 5.3: PLL small-signal closed-loop transfer function diagram

is the grid voltage space vector small perturbation projected on the q-axis of the SRF, ∆ω
represents the PI controller output in rad/s, ∆θ is the phase angle output, and E1d is the
grid voltage space vector projected on the d-axis of the SRF when the perturbation ∆E is
small.

Referring to the small-signal transfer function diagram in Fig. 5.3, the SRF-PLL closed-loop
transfer function Hpll(s) can be written as:

Hpll(s) =
GPI(s)

s+GPI(s)E1d
(5.6)

where GPI(s) is the PI controller for the SRF-PLL defined as:

GPI(s) = Kppll +
Kipll

s
(5.7)

Eventually the output angle error ∆θ as a result of the voltage perturbation
−→
Edq can be

written as:

∆θ = Hpll(s)={
−→
Edq}

= Hpll(s)∆Eq

(5.8)
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Taking only the quadrature component, then:

⇒ ={
−→
Ec
dq} = ∆Eq − E1d∆θ (5.9)

5.2.2 SRF-PLL impedance shaping effect

The SRF-PLL impedance shaping effect can be expressed by the small-signal linearization
of the complex Park transformation modulator: e∆jθ ≈ 1 + j∆θ. Applying the small-
signal approximation for the VSC current feedback,

−→
Idq, and the VSC output voltage,

−−→
Vc,dq,

around an equilibrium operating point in the dq-frame gives:
−→
Idq = (Iα + jIβ)e

−jθ

=
(−−→
I1,dq +∆

−→
Idq

)
(1− j∆θ)

≈ −−→
I1,dq +∆

−→
Idq −

−−→
I1,dqj∆θ︸ ︷︷ ︸
∆
−−−→
IPLL,dq

(5.10)

∆
−−−→
IPLL,dq = jI1d∆θ − I1q∆θ (5.11)

Vc,α + jVc,β =
−−→
Vc,dqe

jθ

≈
(−−−→
V1c,dq +∆

−−→
Vc,dq

)
(1 + j∆θ)ejω1t

⇒ −−→
Vc,dq =

−−−→
V1c,dq +∆

−−→
Vc,dq +

−−−→
V1c,dqj∆θ︸ ︷︷ ︸
∆
−−−−→
VPLL,dq

(5.12)

∆
−−−−→
VPLL,dq = jV1cd∆θ − V1cq∆θ (5.13)

where
−−→
I1,dq and

−−−→
V1c,dq indicate the steady-state VSC output current and voltage respectively.

∆
−−−→
IPLL,dq and ∆

−−−−→
VPLL,dq denote the dynamic effect of PLL on the VSC output current and

voltage upon a given steady-state operating point (i.e.
−−→
I1,dq and

−−−→
V1c,dq).

Substituting (5.8) into (5.11) and (5.13) gives:

∆
−−−→
IPLL,dq = jI1d∆Hpll(s)∆Eq − I1q∆Hpll(s)∆Eq (5.14)

∆
−−−−→
VPLL,dq = jV1cd∆Hpll(s)∆Eq − V1cq∆Hpll(s)∆Eq (5.15)

where only the q-axis voltage∆Eq is considered other than the complex space voltage vector
∆
−→
Edq. Therefore the resulting transfer function matrices are asymmetric and contain a cross-

coupling between the d-axis and the q-axis. To combine the ACC and the PLL effect on the
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VSC input admittance, the SISO (single input single output) transfer function (5.5) should
be modified as aMIMO (multi input multi output) 2×2 real space transfer function matrix.
Rewriting (5.14) and (5.15) into real space matrices form gives:[

IPLL,d

IPLL,q

]
=

[
0 −Hpll(s)I1q

0 Hpll(s)I1d

]
︸ ︷︷ ︸

Y m
PLL(s)

[
Ed

Eq

]
(5.16)

[
VPLL,d

VPLL,q

]
=

[
0 −Hpll(s)V1cq

0 Hpll(s)V1cd

]
︸ ︷︷ ︸

Gm
PLL(s)

[
Ed

Eq

]
(5.17)

Incorporating the current reference change and the output voltage change as a result of the
PLL dynamics (i.e. equations (5.16) and (5.17)), the input admittance transfer function
diagram in Fig. 5.2 can be modified as shown in Fig. 5.4, where Y m

PLL(s) and Gm
PLL(s)

are 2×2 real space transfer function matrices representing the current reference modification
and output voltage change as a result of the voltage perturbation ∆Edq . In Fig. 5.4, the

+-+
-

L filter

+
+
+

Figure 5.4: Grid-connected VSC interface input admittance real space transfer matrix with the
dq-frame PI controller

2× 2 real space matrices of the ACC can be defined as the following:

Gm
ic,dq(s) ,

[
Gic,dq(s) 0

0 Gic,dq(s)

]
(5.18)

Gm
d (s) ,

[
Gd(s) 0

0 Gd(s)

]
(5.19)
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Gm
op,dq(s) ,

1

(L1s+R1)2 + (ω1L1)2

[
L1s+R1 −ω1L1

ω1L1 L1s+R1

]
(5.20)

Gm
ip,dq(s) ,

1

(L1s+R1)2 + (ω1L1)2

[
L1s+R1 −ω1L1

ω1L1 L1s+R1

]
(5.21)

Consequently, the ACC open loop gain transfer function Tm
o (s) and closed-loop transfer

function Gm
tcl(s) in 2 × 2 real space matrices can be derived following the matrix left

multiplication rule:
Tm
o,dq(s) = Gm

op,dq(s)G
m
d (s)Gm

ic,dq(s) (5.22)

Gm
tcl,dq(s) = (Im + Tm

o,dq(s))
−1Tm

o,dq(s) (5.23)

where Im is defined as the diagonal identity matrix:

Im =

[
1 0

0 1

]
(5.24)

Considering the PLL impedance shaping effect, the small-signal AC output current equation
(5.5) in the 2× 2 real space matrix is derived as:

[
∆Id

∆Iq

]
= Gm

tcl,dq(s)

[
∆I∗cd
∆I∗cq

]
︸ ︷︷ ︸

∆
−→
I∗cdq

−
( PLL−dynamics︷ ︸︸ ︷
−Gm

tcl,dq(s)Y
m
PLL(s)+Y m

to,dq︸ ︷︷ ︸
Y m
tcl(s)

)[
∆Ed

∆Eq

]
(5.25)

where the Y m
tcl(s) is the input admittance considering both the ACC and PLL dynamics.

Y m
to,dq is defined as the output admittance, reshaped by the PLL dynamics:

Y m
to,dq =

(
Im + Tm

o,dq(s)
)−1(

Y m
ip,dq(s)− Y m

op,dq(s)G
m
d (s)Gm

PLL(s)︸ ︷︷ ︸
PLL−dynamics

)
(5.26)

If the controller bandwidth of the outer control loops (i.e. DC link voltage control, AC
voltage/reactive power control) is kept low, then it is considered that the voltage perturbation
only produces negligible offset on the current reference set-point,

−→
I∗cdq, in the converter

dq-frame. In such a case, (5.25) can be simplified and written its general form with the
∆ sign being omitted for simplicity:[

Id

Iq

]
=

[
Ydd(s) Ydq(s)

Yqd(s) Yqq(s)

]
︸ ︷︷ ︸

Y m
tcl,dq

[
Ed

Eq

]
(5.27)
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5.3 αβ-frame input admittance derivation

In the previous section, the input admittance Y m
tcl(s) considering the ACC and the PLL

impedance shaping effect was derived in the dq-frame, where the generalized Nyquist
stability criterion can be applied with the grid impedance being expressed in the same
dq-frame via a frequency translation. It should be noted that when the long line effect
(i.e. distributed parameters) and the frequency dependent parameters (i.e. R(f) and L(f))
are considered, an analytical transfer function of the grid cannot be obtained (i.e. frequency
translation from the αβ-frame to the dq-frame is not possible). Consequently, the input
admittance of the VSC derived in the dq-frame from prior work [112,113] can only consider
the simple RLC circuit, where its analytical expression can explicitly be written by a transfer
function. Additionally, for the stability assessment of multiple VSCs connected within the
vicinity of each other, a reference dq-frame has to be established so that the input admittance
of all the VSCs can be evaluated under one dq-frame. Such an approach will make the
impedance-based stability assessment as cumbersome as the state-space approach, therefore
this section demonstrates the frequency translation method proposed in [107] to translate
the 2×2 input admittance in the real spacematrix in the dq-frame to a 2×2 input admittance
in the complex space vector matrix in the αβ-frame.

With reference to [114], the real space matrix of a balanced system can be expressed by a
complex space matrix comprised of complex space vectors and their conjugates. For the case
of a VSC input admittance expressed in its general form (5.27), its complex space matrix
equivalent can be expressed as:

−→
Idq =

−−−−→
Ytcl+,dq(s)

−→
Edq +

−−−−→
Ytcl−,dq(s)

−→
E∗
dq (5.28)

where
−→
E∗
dq is the complex space vector conjugate of

−→
Edq.

−−−−→
Ytcl+,dq(s) and

−−−−→
Ytcl−,dq(s) are a

complex admittance pair defined as follows:

−−−−→
Ytcl+,dq(s) =

Ydd(s) + Yqq(s)

2
+ j

Yqd(s)− Ydq(s)

2
−−−−→
Ytcl−,dq(s) =

Ydd(s)− Yqq(s)

2
+ j

Yqd(s) + Ydq(s)

2

(5.29)

To capture the double-frequency coupling in the stationary frame (i.e. αβ-frame) as a result
of the positive and negative sequence component in the dq-frame, [107] proposes a complex
transfer function matrix

−−−−→
Ym
tcl±,dq and is given by:−→Idq−→
I∗dq

 =

−−−−→Ytcl+,dq(s)
−−−−→
Ytcl−,dq(s)

−−−−→
Y∗
tcl−,dq(s)

−−−−→
Y∗
tcl+,dq(s)


︸ ︷︷ ︸

−−−−→
Ym
tcl±,dq(s)

−→Edq
−→
E∗
dq

 (5.30)
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Replacing the real space vectors with the complex space vectors:

Eq =

−→
Edq −

−→
E∗
dq

2j
(5.31)

Then (5.16) and (5.17) in the real space matrices can be re-written equivalently in their
complex space vectors as below:

∆
−−−→
IPLL,dq =

−−→
I∗c1,dqjHpll(s)

∆
−→
Edq −∆

−→
E∗
dq

2j

=

−−→
I∗c1,dqHpll(s)

2︸ ︷︷ ︸
−−→
YPLL(s)

(∆
−→
Edq −∆

−→
E∗
dq)

(5.32)

∆
−−−−→
VPLL,dq =

−−−→
V1c,dqjHpll(s)

∆
−→
Edq −∆

−→
E∗
dq

2j

=

−−−→
V1c,dqHpll(s)

2︸ ︷︷ ︸
−−→
GPLL(s)

(∆
−→
Edq −∆

−→
E∗
dq)

(5.33)

where
−−→
YPLL(s) and

−−→
GPLL(s) are the equivalent complex transfer function of Y m

PLL(s) and
Gm

PLL(s) given in (5.16) and (5.17). Effectively, the small-signal input admittance transfer
function in the 2 × 2 real space transfer matrices shown in Fig. 5.4 can be expressed by
their symmetrical complex space transfer functions (see Fig. 5.5). In Fig. 5.5, the modified

+-+
-

L filter

+
+
+

-
+

Figure 5.5: Grid-connected VSC input admittance small-signal complex transfer function
diagram with the synchronous-frame PI controller
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output admittance of the VSC considering the PLL dynamics is expressed as (removing the
∆ sign for simplicity):

−→
Idq

∣∣∣∣∣−−→
Vc,dq=0

=
(−−−→
Yip,dq(s)−

−−→
GPLL(s)Gd(s)︸ ︷︷ ︸

−−−−→
Yto+,dq(s)

)−→
Edq

+
(−−→
GPLL(s)Gd(s)︸ ︷︷ ︸

−−−−→
Yto−,dq(s)

)−→
E∗
dq

(5.34)

where
−−−−→
Yto+,dq(s) and

−−−−→
Yto−,dq(s) are the complex transfer functions of the modified open-

loop output admittance. Then the 2×2 real space matrices of the input admittance transfer
function Y m

tcl(s) given in (5.25) can be expressed by two complex space transfer functions:

−→
Idq

∣∣∣∣∣−→
I∗cdq=0

=
(
−−−−→
Gtcl,dq(s)

−−→
YPLL(s) +

−−−−→
Yto+,dq(s)

1 +
−−→
To,dq(s)︸ ︷︷ ︸

−−−−→
Ytcl+,dq(s)

)−→
Edq

+
(−−−→
Gtcl,dq(s)

−−→
YPLL(s) +

−−−−→
Yto+,dq(s)

1 +
−−→
To,dq(s)︸ ︷︷ ︸

−−−−→
Ytcl−,dq(s)

)−→
E∗
dq

(5.35)

where
−−→
To,dq(s) and

−−−→
Gtcl,dq(s) are the AC current control open loop gain and closed-loop

complex transfer functions respectively:

−−→
To,dq(s) = Gic,dq(s)Gd(s)

−−−→
Yop,dq(s) (5.36)

−−−→
Gtcl,dq(s) =

−−→
To,dq(s)

1 +
−−→
To,dq(s)

(5.37)

Finally the input-admittance matrix comprising complex transfer functions and their
conjugates in the complex space matrix form can be written. Applying the frequency
translation, the dq-frame complex transfer matrix is transformed into the αβ-frame as: −→

I

ej2θ
−→
I∗

 =

−−−−→Ytcl+,dq(s− jω1)
−−−−→
Ytcl−,dq(s− jω1)

−−−−→
Y∗
tcl−,dq(s− jω1)

−−−−→
Y∗
tcl+,dq(s− jω1)


︸ ︷︷ ︸

−−→
Ym
tcl±(s)

 −→
E

ej2θ
−→
E∗

 (5.38)

where
−−→
Ym
tcl±(s) denotes the αβ-frame VSC input admittance including the ACC and the

PLL effect for the VSC with a synchronous-frame PI controller.
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In summary, Sections 5.2 and 5.3 of this chapter provide a step-by-step derivation of
the input admittance of a grid-connected, two-level VSC with the synchronous-frame PI
controller considering the PLL impedance shaping effect in the dq-frame and the αβ-frame.
With reference to Chapter 4, the stationary-frame PR controller is another popular ACC.
Using the input admittance derivation procedure presented in Section 5.2 and 5.3 for the
synchronous-frame PI controller, the input admittance of a grid-connected two-level VSC
with a stationary-frame PR controller can be derived as shown in the following section.

5.4 VSC with a PR controller for the ACC

Considering a PR controller for the ACC of a grid-connected, two-level, VSC, Fig. 5.6
illustrates the ACC transfer function with the grid voltage synchronization using the PLL.
Again the SRF-PLL is considered for the grid voltage synchronization. Since the PLL
dynamics is defined in the dq-frame, for the input admittance derivation considering the
PLL dynamics, it is necessary to make a frequency translation of the stationary-frame PR
controller to its equivalent dq-frame PI controller. In Fig. 5.6,

−→
Gic(s) denotes the PR

Figure 5.6: Grid-connected VSC interface closed-loop transfer function diagram with the
αβ-frame PR controller
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controller in the form of a complex transfer function:

−→
Gic(s) = Kp +

Ki

s− jω1
(5.39)

−−−→
Gd,dq(s) is the dq-frame equivalent of one and half sample time delay Gd(s):

−−−→
Gd,dq(s) = Gd(s+ jω1) = e−1.5Ts(s+jω1) (5.40)

In (5.39), ω1 is the fundamental frequency angular velocity in rad/s at which the PR
controller is tuned. The dq-frame equivalent of he PR controller can be expressed via a
frequency translation:

Gic,dq(s) =
−→
Gic(s+ jω1) = Kp +

Ki

(s+ jω1)− jω1
= Kp +

Ki

s
(5.41)

The SRF-PLL impedance shaping effect can be expressed by the small-signal linearization of
the complex Park transformation modulator e∆jθ ≈ 1 + j∆θ. Applying the small-signal
approximation for a given VSC current output setpoint

−−→
I∗c1,dq in the converter dq-frame gives:

∆
−−−→
IPLL,dq =

−−→
I∗c1,dqjHpll(s)

−−−→
∆Edq −

−−−→
∆E∗

dq

2j

=

−−→
I∗c1,dqHpll(s)

2︸ ︷︷ ︸
−−→
YPLL(s)

(
−−−→
∆Edq −

−−−→
∆E∗

dq)
(5.42)

where
−−→
YPLL(s) is the complex transfer function of the current reference set-point change

as a result of external voltage perturbation
−→
Edq. Similarly to Fig. 5.5, the dq-frame input

admittance of theVSCwith a stationary-frame PR controller is shown in Fig. 5.7. Removing
the∆ sign, the modified closed-loop control output admittance can be derived by:

−→
Idq

∣∣∣∣∣−→
I∗cdq=0

=

{
−−−−→
Gtcl,dq(s)

−−→
YPLL(s) +

−−−→
Yip,dq(s)

1 +
−−→
To,dq(s)︸ ︷︷ ︸

−−−−→
Ytcl+,dq(s)

}
−→
Edq

+

{
−−−→
Gtcl,dq(s)

−−→
YPLL(s)︸ ︷︷ ︸

−−−−→
Ytcl−,dq(s)

}
−→
E∗
dq

(5.43)

where
−−→
To,dq(s) and

−−−→
Gtcl,dq(s) are the open loop gain complex transfer function and the

closed-loop complex transfer function of the stationary-frame PR controller in the dq-frame
respectively:

−−→
To,dq(s) = Gic,dq(s)

−−−→
Gd,dq(s)

−−−→
Yop,dq(s) (5.44)
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Figure 5.7: Grid-connected VSC interface input admittance complex transfer function with the
αβ-frame PR controller

−−−→
Gtcl,dq(s) =

−−→
To,dq(s)

1 +
−−→
To,dq(s)

(5.45)

As opposed to the input admittance derived for the synchronous-frame PI controller,
the output admittance of the stationary-frame PR controller is not reshaped by the PLL
dynamics, since the inverse Park transformation is not present at the output voltage

−−→
Vo,dq(s).

In this regard, the impact of the PLL in the reshaping of the input admittance with the
stationary-frame PR controller is less in comparison to that of the synchronous-frame PI
controller. Finally, the input-admittance matrix in the complex space matrix form can be
written as: −→Idq−→

I∗dq

 =

−−−−→Ytcl+,dq(s)
−−−−→
Ytcl−,dq(s)

−−−−→
Y∗
tcl−,dq(s)

−−−−→
Y∗
tcl+,dq(s)


︸ ︷︷ ︸

−−−−→
Ym
tcl±,dq(s)

−→Edq
−→
E∗
dq

 (5.46)

Applying the frequency translation, the dq-frame complex transfer function matrix (5.46) is
transformed into the αβ-frame as: −→

I

ej2θ
−→
I∗

 =

−−−−→Ytcl+,dq(s− jω1)
−−−−→
Ytcl−,dq(s− jω1)

−−−−→
Y∗
tcl−,dq(s− jω1)

−−−−→
Y∗
tcl+,dq(s− jω1)


︸ ︷︷ ︸

−−→
Ym
tcl±(s)

 −→
E

ej2θ
−→
E∗

 (5.47)

where
−−→
Ym
tcl±(s) denotes the αβ-frame VSC input admittance including the ACC and the

PLL effect for the VSC with stationary-frame PR controller.
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5.5 Impedance-based Stability Analysis

The generalized Nyquist stability criterion can be applied for the stability analysis concerning
the asymmetric matrix:

−→
Lm(s) =

−→
Zm
g (s)

−−→
Ym
tcl±(s) (5.48)

where
−−→
Ym
tcl±(s) is the asymmetric matrix as described by (5.47), and

−→
Zm
g (s) is the grid

impedancematrix. The system stability can therefore be predicted by the frequency responses
of the eigen values of the impedance ratio, which can be calculated as:

det
[
λIm −

−→
Zm
g (s)

−−→
Ym
tcl±(s)

]
= 0 (5.49)

The equivalent grid impedance can be represented by the LC parallel circuit as an example:

Zg =
L2s

1 + L2Cfs2
(5.50)

Considering symmetrical grid impedance, the complex transfer impedance matrix
−→
Zm
g (s) in

the αβ-frame is defined as:

−→
Zm
g (s) =

[
Zg(s) 0

0 Zg(s− 2jω1)

]
(5.51)

5.6 Experimental Verifications

To verify the theory presented in the earlier sections of this chapter, this section gives
experimental verification results performed at the Energy Technology Department, Aalborg
University (AAU), Denmark. A single VSC test setup is developed to demonstrate both
high and low frequency oscillations and compare results with the theoretical prediction
utilizing the impedance-based stability analysis method. Furthermore, a double VSC test
setup is developed to demonstrate multi-device oscillation in a weak grid condition. The
overall experiment setup is shown in Fig. 5.8, the Danfoss FC103P11KT 11 converter, the
LCL filter, the DC source, the oscilloscope, the host PC connected to the dSpace real-time
controller, are highlighted in red. The variables representing different VSC operating points
are listed.

Id0 The VSC current steady-state set-point in-phase to the grid complex
space voltage vector

I1d0 TheVSC 1 current steady-state set-point in-phase to the grid complex
space voltage vector.
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Figure 5.8: Overall experimental setup developed by the Harmony Project 321149 funded under
FP7-IDEAS-ERC (Courtesy: Aalborg University)

I2d0 TheVSC 2 current steady-state set-point in-phase to the grid complex
space voltage vector.

Iq0 The VSC current steady-state set-point in-quadrature to the grid
complex space voltage vector.

I1q0 The VSC 1 current steady-state set-point in-quadrature to the grid
complex space voltage vector.

I2q0 The VSC 2 current steady-state set-point in-quadrature to the grid
complex space voltage vector.

+ Positive direction is defined from the VSC to the power grid.

− Negative direction is defined from the power grid to the VSC.

5.6.1 Single VSC Setup - High Frequency Oscillations

The experimental setup is shown in Fig. 5.9, where the power grid is simulated by the
regenerative grid simulator Chroma 61845. TheVSC is realized by a Danfoss FC103P11KT
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11 converter and the control algorithms are programmed in dSPACE1007. Themain circuit
and controllers parameters of the VSC are summarized in Table 5.1.

+

−

VSC Grid simulator
PWM

PWM

i &vc

i vc
L1

C

L2

Vdc

dSPACE-1007

Figure 5.9: Experimental setup for the impedance-based stability analysis

Table 5.1: Parameters of Single VSC Experiment Verification

Main electrical parameters Value Unit
Rated Power, Sn 2.00 kVA
Grid fundamental frequency, f1 50 Hz
DC Link Voltage, Vdc 730 Volts
DC Link Capacitor, Cdc 1.5 mF
Line to line AC Voltage, Vrms 400 Volts
Inverter side inductor, L1 1.5 mH
Equivalent series resistor of L1, R1 0.2 Ω
Grid side inductor, L2 1.5 mH
Equivalent series resistor of L2, R2 0.2 Ω
Filter capacitor, Cf 5 µF
Inverter control sampling frequency, fs 10 kHz
ACC and PLL controller parameters
Proportional gain of AC current control,Kp 9.4 Ω
Integral gain of AC current control,Ki 2961 Ω/s
Proportional gain of PLL,Kppll 1 rad/s
Integral gain of PLL,Kipll 1000 rad/s2

Proportional gain of capacitor voltage feedback,Kd 1

For the stability analysis of high frequency oscillations (i.e. a few hundred Hz and beyond),
the 2 × 2 MIMO input admittance matrix can be considered as SISO because of the fact
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Figure 5.10: Single VSC setup with the PR controller for the ACC and the capacitive voltage
feedback for the AD function

that the PLL closed-loop transfer function bandwidth determines the significance of the non-
diagonal elements in the 2×2MIMO input admittance matrix. Since typically the PLL has
only a closed-loop bandwidth of up to a few hundred Hz, for the study of high frequency
phenomena it is practical to consider the ACC only. The experimental setup is implemented
with a stationary-frame PR control for the ACC with a capacitive voltage feedback loop to
perform the active damping (AD) function. In Fig. 5.10, the VSC main circuit is illustrated
with its ACC and PLL loops.
−→
Gic(s) is the complex transfer function of the stationary-frame PR controller:

−→
Gic(s) = Kp +

Ki

s− jω1
(5.52)

where Kp and Ki are proportional and integral gain respectively (see Table 5.1). ω1 is the
fundamental frequency angular velocity in rad/sec. e−sTs represents one sampling cycle
digital delay. Gvc(s) is the capacitive voltage feedback transfer function implemented as a
high-pass filter instead of a pure differentiator avoiding the amplification of high-frequency
noise:

Gvc(s) = −Kd
s

s+ 0.4ωs
(5.53)

whereKd is the gain constant for the high-pass filter, ωs is the angular velocity of sampling
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Figure 5.11: Input admittance illustration for the single VSC setup with the PR controller for
the ACC and the capacitive voltage feedback for the AD function

frequency, fs, in rad/s. Ignoring the impact of the PLL, the input admittance of the single
VSC setup with the ACC and the active damping can be derived following the illustration
shown in Fig. 5.11:

Yto(s) =
Yip(s)

(
1 +Gvc(s)Gd(s)

)
1 +Gic(s)Gd(s)Yop(s)

(5.54)

The input admittance Yto(s) can be plotted in a Bode diagram applying the controller
parameters in Table 5.1. In Fig. 5.12, the input admittance Yto(s) is plotted with
Kd ∈ (0, 0.32, 1) indicating no active damping, critical active damping, and full active
damping. The equivalent grid admittance Yg(s) can be written as an LC parallel circuit:

Yg(s) =
1

L2s+R2
+

Cfs

1 + CfRfs
(5.55)

The small-signal stability of the overall system can thus be evaluated by plotting the ratio
of the VSC input admittance, Yto(s), and the equivalent grid admittance, Yg(s), following
the Nyquist stability criteria. Equivalently, the small-signal stability of the overall system
can be assessed by plotting the VSC input admittance, Yto(s), against the equivalent
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grid admittance, Yg(s), in a Bode diagram and examining the phase difference at the
admittance magnitudes point of intersection. At the admittance intersection point, if the
phase difference between the equivalent grid admittance and the VSC input admittance is
larger than 180o then the overall system will become unstable. Conversely, at the admittance
intersection point, if the phase difference between the equivalent grid admittance and
the VSC input admittance is within 180o, then the overall system maintains small-signal
stability. This section applies the impedance based stability method and assess the impedance
intersection point with the associated phase difference. The stable and unstable operating
points are further validated against the experimental results shown in Fig. 5.13 and Fig.
5.14.

In Fig. 5.12, the dashed purple line (Kd = 1) intersects with the grid admittance Yg(s) near
3 kHz yet the Phase Margin (PM) is above zero (i.e. less than 180 degree phase difference)
indicating a stable system. Additionally, the dotted yellow line (Kd = 0.32) and dash
dotted red line (Kd = 0) both intersect with the grid admittance Yg(s) around 2.72 kHz
and the PM, for both cases, are below zero (i.e. more than a 180o phase difference) indicating
unstable cases.

To validate the stability analysis using the impedance based method, experimental tests are
performed. Fig. 5.13(a) demonstrates the three-phase VSC side current output when the
VSC is operating with AD active. Fig. 5.13(b) shows the case with the AD being switched
off at 0.4 seconds. It is clearly visible that the current output grew out of control, which
eventually tripped the device by the internal over-current protection.

In Fig. 5.14, the experiment is performed with Kd = 0.32 showing high frequency
oscillations with a critical damping. Revisiting the stability analysis using the impedance
based method in Fig. 5.12, the curve of Kd = 0.32 falls just below −90o indicating a
phase difference between Yto(s) and Yg(s) of more than 180o. In reality, due to skin-
effect, the actual resistive damping is more than what is predicted in the analytical analysis.
Fig. 5.14(b) gives the FFT analysis results of current under the critical damping. There
are visible frequency components at both 2.66 kHz and 2.76 kHz. In fact, due to the 125
Hz resolution of the FFT analysis performed, the actual harmonic content is predicted to
somewhere between 2.66 kHz and 2.76 kHz. The FFT analysis results thus found a good
match with the impedance intersection point (i.e. 2.72 kHz).

Fig. 5.14(c) presents the experimental results when the Kd is changed from 1 → 0.32
showing high frequency oscillation and it regains stable operation when modifyingKd from
0.32 → 1, as shown Fig. 5.14(d). The experimental results confirms that the inverter side

current control stable region can be extended above
fs
6

provided that the AD function is
implemented. By careful selection of the capacitor voltage feedback high pass filter gainKd,
the overall system stability can be maintained without harmonic/high frequency oscillations.

In summary, high frequency/harmonic oscillations are investigated using the impedance-
based stability analysis considering only the ACC since the impedance shaping effect of
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PLL dynamics is negligible at frequencies well above 100 Hz. For this reason, the input
admittance of the VSC is considered as a SISO transfer function and the overall system
stability is assessed by plotting the VSC input admittance against the grid admittance in the
Bode diagram. The experimental current waveforms and their corresponding FFT analysis
results affirm the accuracy of the analytical prediction made in the Bode diagram following
the impedance-based stability assessment.
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Figure 5.12: Impedance based stability analysis w/wo active damping in Bode diagram - grid
impedance Yg in solid blue line, VSC input admittance Yto(s) with Kd = 0 in dash dotted
orange line, VSC input admittance Yto(s) with Kd = 0.32 in dotted yellow line, VSC input
admittance Yto(s) with Kd = 1 in dashed purple line
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Figure 5.14: Experimental results of the AC current control loop with critical damping - (a) current output with Kd = 0.32 (b) FFT analysis
of current output with Kd = 0.32 (c) Kd changed from 1 → 0.32 (d) Kd changed from 0.32 → 1
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5.6.2 Single VSC Setup - Low Frequency Oscillations

For the stability analysis of low frequency oscillations (e.g. near 100 Hz), the generalized
Nyquist stability criterion should be applied to the 2 × 2 eigen value admittance matrix
calculated from the MIMO input admittance matrix ratio defined by (5.48). Note that the
weak grid condition is realized by adding a large inductor, Lg = 11 mH, in series with the
Chroma grid source shown in Fig. 5.15. The main circuit and controller parameters of the
VSC used in the study case is summarized in Table 5.2.
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Figure 5.15: Experimental setup for the impedance-based stability analysis

In Fig. 5.16, the VSC main circuit is illustrated with its control loops. Gic(s) is the PI
controller defined in the synchronous-frame:

Gic(s) = Kp +
Ki

s
(5.56)

where Kp and Ki are the proportional and integral gains of the PI controller respectively
(see Table 5.2). e−sTs indicates one sampling cycle digital delay. Gvc(s) is the capacitive
voltage feedback for the AD function defined in the dq-frame:

Gvc(s) = −Kd
s

s+ 0.4ωs
(5.57)

The VSC input admittance
−→
Ym
tcl(s) considering PLL shaping effect can be derived following

the control loops illustrated in Fig. 5.17. The eigen value of the overall system impedance
ratio (i.e. 2× 2 complex space vector matrix) can be computed as:

λ =

[
λ1(s) 0
0 λ2(s)

]
(5.58)
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Table 5.2: Parameters of Single VSC Experiment Verification

Main electrical parameters Value Unit
Rated Power, Sn 3.05 kVA
Grid fundamental frequency, f1 50 Hz
DC Link Voltage, Vdc 600 Volts
DC Link Capacitor, Cdc 1500 µF
Line to line AC Voltage, Vrms 134 Volts
Inverter side inductor, L1 1.5 mH
Grid side inductor, L2 1.5 mH
Grid equivalent inductor, Lg 11.0 mH
Equivalent grid-side inductor (L2 + Lg), Lt 12.5 mH
Short Circuit Ratio (SCR) 1.5
Filter capacitor, Cf 20 µF
Inverter control sampling frequency, fs 10 kHz
Inverter switching frequency fsw 10 kHz
ACC and PLL controller parameters
Proportional gain of AC current control (phase margin π/4), Kp 7.8 Ω
Integral gain of AC current control (phase margin π/4),Ki 2056 Ω/s
Proportional gain of AC current control (phase margin π/5), Kp 9.4 Ω
Integral gain of AC current control (phase margin π/5),Ki 2961 Ω/s
Proportional gain of PLL (Tsettle = 20 ms),Kppll 3.43 rad/s
Integral gain of PLL (Tsettle = 20 ms), Kipll 789.5 rad/s2

Proportional gain of PLL (Tsettle = 40 ms),Kppll 1.72 rad/s
Integral gain of PLL (Tsettle = 40 ms), Kipll 197.4 rad/s2

Proportional gain of capacitor voltage feedback, Kd 1 S

Fig. 5.18 demonstrates the results of impedance-based stability assessment applying the
generalized Nyquist stability criteria. The VSC is operated with Id0 = 11.2 A delivering
active power towards the grid. Two eigen values (i.e. λ1 and λ2) of the overall system
impedance ratio (i.e. 2× 2 complex space vector matrix) are calculated and plotted in Bode
diagram. The phase angle of λ2 in dotted blue line is within ±180 degree indicating small-
signal stability. The phase angle of λ1 in solid red line crossed -180 degree at 86.2 Hz and the
magnitude of eigen value λ1 is just slightly below 0 dB implying an under-damped system
condition.

To validate the analytical results, an experiment is performed with the VSC current output
Id0 = +11.2 A. Fig. 5.19 provides the inverter side current output waveform and the
corresponding FFT results. Fig. 5.19(a) indicates the unstable current output when the
VSC current output Id0 = +11.2 A. Additional FFT analysis is performed on the output
current waveforms with 1 Hz resolution and shown in Fig. 5.19(b), where the dominant
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Figure 5.16: Single VSC setup with dq-frame PI controller for AC current control and capacitive
voltage feedback for active damping

low order harmonics components at 86.5 Hz and 13.5 Hz are reported. Compared to the
frequency domain analytical prediction (i.e. 86.2 Hz and 13.7 Hz), a good match is found
with the experimental verification results.

The same analytical prediction and experimental validation are performed for the following
cases:

• Id0 = +14.75 A.

• Iq0 = +9.00 A.

• Iq0 = +11.75 A.

• Iq0 = −9.00 A.

All the results are summarized in Table 5.3 and found with close matches between the
analytical prediction and the experimental results. In the case of Iq0 = −9.00 A, the
current output is stable despite the current set-point is the same in magnitude but opposite
in direction compared to the case with Iq0 = +9.00 A. When the ACC phase margin is
decreased from π/4 to π/5, a higher current set-point threshold is achieved for the active
power production and reactive power consumption. It revealed the inner-dynamics between
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Figure 5.17: Input admittance illustration of the single VSC setup with dq-frame PI controller
for AC current control and capacitive voltage feedback for active damping

the ACC and the PLL in a weak grid condition. From the input admittance shaping point
of view, the ACC provides an equivalent positive resistance in the low frequency range
improving the voltage stability. The PLL, however, brings about an equivalent negative
resistance in the low frequency range reducing the phase margin of the voltage stability.
Since the magnitude of the equivalent positive and negative resistance is proportional to the
controller bandwidth of the ACC and the PLL, respectively. Increasing the bandwidth of
the ACC (i.e. reducing the phase margin) can offset the adverse influence of the PLL, thus
improve the hosting capacity by allowing higher current set-point threshold for the active
power production and reactive power consumption.

In summary, the single VSC setup represents the study case where a weak grid condition
is emulated by a large grid inductor Lg behind an ideal voltage source (emulated by the
Chroma 61845). The experimental results shown here suggest that the PLL brought about
an equivalent negative resistance when the VSC is generating active power into the power
grid or absorbing the reactive power from the power grid. The negative resistance brought
about by the PLL can be partially offset by increasing the ACC bandwidth, and the overall
system hosting capacity can be improved without causing the voltage stability. The analytical
prediction, using the impedance-based stability analysis, found close matches for all the cases



116 Chapter 5: Impedance-based Stability Analysis

summarized in Table 5.3. The analytical prediction, verified by the experimental results,
revealed that the system remains stable when the VSC is generating reactive power into the
grid despite the same output current setpoint Iq0 = −9A (opposite in direction compared
to Iq0 = +9A).

Table 5.3: Experimental validation results - Single VSC setup

VSC
operating points

Analytical
prediction

Experimental
results

ACC
parameters

PLL
parameters

Id0 = +11.20 A
86.2 Hz
13.8 Hz
(Fig. 5.18)

86.5 Hz
13.5 Hz
(Fig. 5.19)

phase margin
π/4

settling time
40 ms

Id0 = +14.75 A
91.6 Hz
8.4 Hz

(Fig. 5.20)

90.8 Hz
9.2 Hz

(Fig. 5.21)

phase margin
π/5

settling time
40 ms

Iq0 = +9.00 A
114.1 Hz
14.1 Hz
(Fig. 5.22)

117.9 Hz
17.9 Hz
(Fig. 5.23)

phase margin
π/4

settling time
20 ms

Iq0 = +11.75 A
127.6 Hz
27.6 Hz
(Fig. 5.24)

127.4 Hz
27.4 Hz
(Fig. 5.25)

phase margin
π/5

settling time
20 ms

Iq0 = −9.00 A 50 Hz
(Fig. 5.26)

50 Hz
(Fig. 5.27)

phase margin
π/4

settling time
20 ms
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Figure 5.20: Generalized Nyquist Stability Analysis of the overall system in Bode diagram (Id0 = +14.58 A)
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Figure 5.21: Experimental results with Id0 = +14.58 A considering the ACC and the PLL
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Figure 5.22: Generalized Nyquist Stability Analysis of the overall system in Bode diagram (Iq0 = +9 A)
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Figure 5.23: Experimental results with Iq0 = +9 A considering the ACC and the PLL



5.6:Experim
entalVerifications

123

Figure 5.24: Generalized Nyquist Stability Analysis of the overall system in Bode diagram (Iq0 = +11.75 A)
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Figure 5.25: Experimental results with Iq0 = +11.75 A considering the ACC and the PLL
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Figure 5.26: Generalized Nyquist Stability Analysis of the overall system in Bode diagram (Iq0 = −9 A)
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Figure 5.27: Experimental results with step response of Iq0 = −2 → −9 A) considering AC current control loop and PLL control loop - (a)
VSC current output step response −2 → −9 A (b) VSC current output step response −9 → −2 A
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5.6.3 Two VSC Setup - Low Frequency Oscillations

Compared to the traditional state-space approach, the impedance based stability analysis is
most convenient when it comes to the small-signal stability assessment of multiple devices
connected within the vicinity of each other. Instead of writing the state-space equations of
the entire system, the impedance based stability analysis allows the derivation of the input
admittance of individual VSC devices explicitly considering their relevant control loops and
performs overall system small stability analysis via the computation of impedance ratio at a
specific electrical grid point. This section describes the weak-grid, voltage-stability, analysis
of 2 identical VSC units connected to the power grid over a large equivalent grid inductor
Lg . The experimental setup is shown in Fig. 5.28, where the power grid is simulated by the
regenerative grid simulator Chroma 61845. Both VSCs are implemented by the Danfoss
FC103P11KT 11 converters and the control algorithms are programmed in dSPACE1007.
The main circuit and controller parameters of the VSCs are summarized in Table 5.4.

Figure 5.28: Experiment setup for the impedance-based stability analysis

The eigen value complex matrix of the impedance ratio at the PCC point can be calculated
following the method presented in this chapter. In Fig. 5.29, eigen values of impedance ratio
at the PCC point is plotted in Bode diagram when the VSC 1 current output is I1d0 = +7 A
and theVSC 2 current output is I2d0 = +1.85A. Eigen value λ2, shown in blue dashed line,
stays within the ± 180 degree indicating small-signal stability. Eigen value λ1, in red solid
line, crossed -180 degree at 84.4 Hz with the magnitude above 0 dB, implying a violation
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Table 5.4: Parameters of Double VSC Experiment Verification

Main electrical parameters Value Unit
Rated Power, Sn 3.05 kVA
Grid fundamental frequency, f1 50 Hz
DC Link Voltage, Vdc 600 Volts
DC Link Capacitor, Cdc 1500 µF
Line to line AC Voltage, Vrms 134 Volts
Inverter side inductor, L1 1.5 mH
Grid side inductor, L2 1.5 mH
Grid equivalent inductor, Lg 11.0 mH
Equivalent grid-side inductor (L2 + Lg), Lt 12.5 mH
Short Circuit Ratio (SCR) 1.5
Filter capacitor, Cf 20 µF
Inverter control sampling frequency, fs 10 kHz
Inverter switching frequency, fsw 10 kHz
ACC and PLL controller parameters
Proportional gain of AC current control (phase margin π/5),Kp 9.4 Ω
Integral gain of AC current control (phase margin π/5),Ki 2961 Ω/s
Proportional gain of PLL (Tsettle = 20 ms),Kppll 3.43 rad/s
Integral gain of PLL (Tsettle = 20 ms),Kipll 789.5 rad/s2

Proportional gain of PLL (Tsettle = 40 ms),Kppll 1.72 rad/s
Integral gain of PLL (Tsettle = 40 ms),Kipll 197.4 rad/s2

Proportional gain of capacitor voltage feedback, Kd 1 S

of the small-signal stability.

To validate the prediction obtained from the impedance based stability analysis shown in
Fig. 5.29, experiments are performed with the 2 VSCs setup and their results are shown
in Fig. 5.30. In Fig. 5.30(a), the three-phase inverter side current output waveforms of
the VSC 1 are shown with I1d0 = 7 A. Fig. 5.30(c) presents the instant when the VSC 2
current output I2d0 changes from 0 A to 1.85 A. The corresponding instant of the VSC 2
step response is marked in Fig. 5.30(a). Clearly following the I2d0 setpoint increase of the
VSC 2, the system becomes unstable with the visible oscillatory current output at both the
VSC 1 and the VSC 2 inverter side current output. A zoom-in of the oscillatory current
output of the VSC 1 is provided in Fig. 5.30(b) and the associated FFT analysis results are
shown in Fig. 5.30(d), where frequency components at 84 Hz and 16 Hz are clearly visible.
Compared to the prediction made by the impedance based stability analysis (i.e. 84.4 Hz
and 15.6 Hz), a good match is found with the experimental results (i.e. 84 Hz and 16 Hz).



5.6: Experimental Verifications 129

The same analytical prediction and experimental validation are performed for the following
cases:

• I1q0 = +5.00 A and I2q0 = +1.55 A.

• I1q0 = +8.00 A and I1q0 = +5.45 A.

All the results are summarized in Table 5.5 and found with close matches between the
analytical prediction and the experimental results. It is found that increasing the PLL
settling time allows high threshold for the VSC’s reactive power consumption without
invoking resonances, and improves the voltage stability margin. It can be concluded that
the magnitude of the equivalent negative resistance brought about by the VSC consuming
reactive power is inversely proportional to the PLL settling time (i.e. proportional to the
PLL controller bandwidth).

In summary, the two VSC setup represents the benefits of the impedance-based stability
analysis with the input admittance of each individual VSC being derived independently.
The overall stability analysis is performed at the PCC of the power grid by evaluating the
eigen value matrix of the impedance ratio of the twoVSC and the grid impedance. By having
two VSC injecting active power to the weak grid, the stability margin of the overall system
is worsened in comparison to that of the single VSC case. For the two VSC case, with the
consumption of reactive power from grid, it is validated by the experimental results that a
reduction on the bandwidth of the PLL control can improve the system stability margin.
All the cases presented in this section with the two VSC setup demonstrate a close match
between the analytical stability prediction using the impedance-based stability method and
the experimental current output waveforms results.

Table 5.5: Experimental validation results - double VSC setup

VSC
operating points

Analytical
prediction

Experimental
results

ACC
parameters

PLL
parameters

I1d0 = +7.00 A
I2d0 = +1.85 A

84.4 Hz
15.6 Hz
(Fig. 5.29)

84.0 Hz
16.0 Hz
(Fig. 5.30)

phase margin
π/5

settling time
40 ms

I1q0 = +5.00 A
I2q0 = +1.55 A

105.1 Hz
5.1 Hz

(Fig. 5.31)

110.0 Hz
10.0 Hz
(Fig. 5.32)

phase margin
π/5

settling time
20 ms

I1q0 = +8.00 A
I2q0 = +5.45 A

90.7 Hz
9.3 Hz

(Fig. 5.33)

91.6 Hz
8.4 Hz

(Fig. 5.34)

phase margin
π/5

settling time
40 ms
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Figure 5.29: Impedance based stability analysis of 2 VSC system with VSC 1 current output I1d0 = +7 A and VSC 2 current output
I2d0 = +1.85 A
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Figure 5.30: Experimental results of the 2 VSCs with 40 ms settling time for Id0 operation - (a) VSC 1 current output I1d0 = +7 A (b)
VSC 1 current output zoom-in (c) VSC 2 current output I2d0 from +0 A to +1.85 A (d) FFT results of VSC 1 current output during low
frequency oscillations
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Figure 5.31: Impedance based stability analysis of 2 VSC system with VSC 1 current output I1q0 = +5 A and VSC 2 current output
I2q0 = +1.55 A.
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Figure 5.32: Experimental results of the 2 VSCs setup with 20 ms PLL settling time for Iq0 operation - (a) VSC 1 current output I1q0 = +5
A (b) VSC 1 current output zoom-in (c) VSC 2 current output I2q0 changed from +0 A to +1.55 A (d) FFT results of VSC 1 current output
during low frequency oscillations
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Figure 5.33: Impedance based stability analysis of 2 VSC system with VSC 1 current output I1q0 = +8 A and VSC 2 current output
I2q0 = +5.45 A.
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Figure 5.34: Experimental results of the 2 VSCs with 40 ms PLL settling time for Iq0 operation - (a) VSC 1 current output I1q0 = +8 A
(b) VSC 1 current output zoom-in (c) VSC 2 current output I2q0 changed from +0 A to +5.45 A (d) FFT results of VSC 1 current output
during low frequency oscillations
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5.7 Summary

This chapter describes the VSC input admittance derivation when considering the inner
ACC with the PLL impedance shaping effect. First, the grid-connected VSC interface with
the synchronous-frame PI controller and the SRF-PLL is considered for the derivation of the
input admittance. Due to the use of only the q-axis for the PLL input, the PLL impedance
shaping effect presents asymmetry considering the PLL dynamics on the VSC output current
and voltage. Therefore, considering the AC current control and the PLL dynamics upon a
given operating point, the input admittance of the VSC can be derived as a 2 × 2 real
space transfer function matrix. With the help of symmetrical components in the dq-frame,
the input admittance in a 2 × 2 unsymmetrical real space transfer function matrix can be
expressed by an equivalent symmetrical 2×2 complex space transfer function matrix. In the
end, frequency translation can be performed on the input admittance in a 2 × 2 complex
space transfer function matrix in the dq-frame to obtain the 2 × 2 complex space matrix
in the αβ-frame. Using the same approach, the input admittance of the grid-connected
VSC interface with the αβ-frame PR controller is derived in the 2 × 2 complex space
transfer function matrix. For the impedance-based stability analysis concerning multiple-
devices connected within the vicinity of each other, the αβ-frame input admittance derived
in this chapter allows direct coupling to the network impedance for the stability analysis
using the generalized Nyquist stability criterion. The experimental results demonstrate a
good agreement between the analytical prediction and the current FFT analysis under the
critically stable operating conditions.



6
Case Studies

The envisioned future electrification scenario (see Chapter 1) will lead to the proliferation
of grid-connected VSCs, thanks to the rapid development of IGBT technology, as discussed
in Chapter 2. To prepare for a future power system with a high penetration level of
grid-connected VSCs, a high-level impact analysis of the grid-connected VSCs was already
performed in Chapter 2. The identified impact on the power system stability and harmonic
resonances are substantiated by the study cases outlined in this chapter, using the theory
developed earlier in this thesis (see Chapter 3-5 for the details) for the design and analysis of
grid-connected two-level VSCs. The three study cases are listed here in correspondence to
the main focus areas identified in Chapter 2:

• Frequency stability - since the VSCs do not provide natural mechanical inertia to the
power system, the renewable generation added to the generation mix is expected to
significantly reduce the overall system inertia in the future. Consequently, volatile
frequency fluctuation such as fast Rate of Change of Frequency (ROCOF) caused
by the power system disturbances will challenge the correct operation of the ”grid-
synchronized” VSCs, which is mainly driven by the transient dynamic performance
of the applied PLLs. A study case is performed with the validated dynamic power grid
model of the Bonaire island power system, where the low inertia aspect of the power
grid is investigated considering the dynamics of the PLLs.

• Voltage stability - Grid-connected VSCs use complex space voltage vector based
control to regulate its output current. Therefore the terminal voltage should be in

137
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a quasi-steady-state for this to work in a stable manner. However, in a weak grid,
the voltage at the connection point can no longer be considered as a quasi-steady-
state independent variable, but rather as a state variable that is also a function of the
current injected into the grid. A study case is performed in this chapter concerning a
STATCOM connection to a weak grid, situated at the far end of a 400 km overhead
line. The impedance-based modeling approach detailed in Chapter 5 is applied and
the small-signal voltage stability is analyzed for both the inductive and capacitive
operation mode of the STATCOM.

• Harmonic resonances -The non-linear behavior of the grid-connectedVSCs will cause
current harmonic emission as a result of the high-frequency switching, the non-linear
hardware, and the digital control loops. The current emission can typically be captured
by an ideal current source model taking into account the given background voltage
distortion where the test is performed. A study case is performed in this chapter on
the integration of the Ultra-Fast Charging Station (UFCS), which is deemed essential
for the adoption of electric mobility into a part of the Dutch MV grid, using the
Norton equivalent representation of the grid-connectedVSCs. TheNorton equivalent
approach not only provides interactive modeling approach that captures the input
admittance of the grid-connected VSC important for the harmonic resonance analysis
but also captures the interaction with the background supply voltage distortion, which
is not possible with the ideal current source approach.

6.1 Frequency stability analysis of Bonaire island power
system

Bonaire island, part of the Netherlands Antilles, is located off the north coast of South
America near the western part of Venezuela. The power supply on Bonaire is characterized
by a high penetration of wind energy. The contribution on a yearly average is more than 40%
and on the peak days the contribution rises up to even 70% of the total generated energy. As
shown in Fig. 6.1 the Diesel power plant as well as the battery energy storage system (BESS)
are located at the Northwest coast of Bonaire island, while the wind farms Morotin 1 and 2
are installed at the Northern coast. The 30kV distribution backbone is shown as the thick
black line, extending to the load center distribution substations at DEN LAMAN, STAD,
INDUSTRIAL TERRAIN and WEB NOBO.

The power supply on Bonaire is facing many interruptions with consumers disconnected for
several hours. In the past 6 years, several events, dominantly short-circuit faults in the 12
kV distribution system, resulted in load-shedding or sometimes even led to a total black-
out. Analysis of the events indicate that during the fault the power output of the wind farm
drops to nearly zero, while at the same time the power demand of the power system increases.
The system frequency plummets rapidly and the frequency based protection load shedding
scheme is triggered to prevent a black-out. A major part of the consumers is disconnected
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Figure 6.1: Bonaire Island Power System Overview

and reconnection may take 1-3 hours, depending on time and location. To ensure a stable
frequency, it is thus essential for the wind power generation to maximize their active power
output even during the fault condition, and especially under the condition where a fast
ROCOF happens, which is caused by the a short-circuit fault in the power system.

The rest of the study case is organized as follows: Section 6.1.1 provides the system
description of the Bonaire power system, where the major system components such as the
wind power plant, the diesel power plant, the battery energy storage system, and the 30/12
kV distribution grid are shown. Section 6.1.2 provides the overview and the challenges with
regards to the PLL dynamics of the grid-connected VSC in the low inertia power system.
Section 6.1.3 begins with the definition of feedback control system error, then the PLL
steady state error derived from the analytical analysis is revealed. In Section 6.1.4, a detailed
850 kW VSC model is introduced in EMTDC/PSCAD and its stability is studied in a
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pole-zero diagram. In Section 6.1.5, the VSC dynamics under the fast ROCOF event is
studied first by considering the grid as a simple voltage source behind a certain short-circuit
impedance. Then the VSC dynamic model is integrated into the validated Bonaire island
power network model where the mechanical inertia of diesel generators are also included.
With the coupling of the mechanical inertia, the case study investigates the VSC behavior
under the fast ROCOF event triggered by a three phase 12 kV cable fault. A laboratory scale
experiment is performed to verify the EMTDC/PSCAD simulation results concerning the
fault induced ROCOF in the Bonaire island power system case study. Finally, conclusions
are drawn in Section 6.1.6.

6.1.1 System Description

Currently 5 diesel generators (total capacity 14MW) and 12 wind turbines (total capacity
10.8MW) operated by ContourGlobal generate electricity for the local authority Water and
Electricity Bonaire (WEB). The power plant includes 5 diesel generators of 2.85 MW each;
3 backup diesel generators of 1 MW each, located at Karpata; and 12 wind turbines of
0.90 MW each located at Morotin. Power is transferred from Karpata to the load centre
Kralendijk over 15 kilometres by the 30kV cables and stepped down to the 12 kV load
centre connection. The main distribution voltage is 12 kV. Fig. 6.2 gives an overview of the
Bonaire power system. Since the grid-connected battery storage system is disabled during
any grid fault condition (below 90% nominal voltage), it is not considered in this study case.

6.1.2 PLL dynamics in low inertia power grid

Despite some recent studies [108, 109, 115–121] on the VSCs’ integration into a weak
grid, the challenges associated with the low inertia power grid is seldom discussed. When
increasing the renewable penetration in the AC power system, the system frequency stability
margin decreases with the reduction of system inertia, leading to rapid frequency variations.
Typically, for a large inter-connected power system, the total kinetic energy buffer provided
by all the synchronous generators in the system is large. In this case, local disturbances (e.g.
generator trip, load rejection, short circuit fault etc.) cause only mild frequency variation
thanks to the total system mechanical inertia. However, this is not the case with low inertia
weak grid, such as the Bonaire island grid. In Fig. 6.3, a fault occurs in the 12 kV network
and it is cleared roughly 400 ms afterwards. From Fig. 6.3 , the frequency (red) plummets
from 50 Hz to 46 Hz within 400 ms (i.e. ROCOF=10 Hz/s) whilst the active (blue) and
reactive power (green) consumption in the network jumped during the fault.
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Figure 6.2: Bonaire Island Power System Overview Single Line Diagram
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Figure 6.3: Fast ROCOF Event Triggered by a 12 kV short circuit fault on the Bonaire island
grid - (red) system frequency y-axis on the right side, (blue) system active power consumption,
(green) system reactive power consumption

Inspired by this event and the future challenges associated with the battery storage grid
frequency support in the power grid with an extreme high penetration of renewable, this
study case investigates the impact of fast rate of change of frequency (ROCOF) on the grid-
connected VSC phase locked loop (PLL) dynamics. Although the ROCOF phenomena has
already been mentioned in several papers concerning the design and analysis of the PLL
alone for the anti-islanding detection [116, 122, 123] and the inertia emulation [124], the
power grid mechanical inertia coupling is not considered. On one hand, this study case
contributes to explain the origin of the fault-induced fast ROCOF in the low inertia weak
grid. On the other hand, this study case considers the mechanical inertia coupling in the
Bonaire island power system, where the network model is validated and the mechanical
inertia is represented by synchronous generator model in EMTDC/PSCAD. The case study
results of Bonaire island power grid is further verified by some down-scaled experiments and
the challenges associated with the fault-induced fast ROCOF on the grid-connected VSCs
are discussed.

6.1.3 PLL Modelling and Analysis

To understand the impact of fast ROCOF on the PLL dynamics, the definition of control
system error is introduced first. Then the small signal dynamics of PLL is derived analytically
with its steady state error expressed as a function of ROCOF frequency slope rate and
PLL control integral gain constant (i.e. Ki). With reference to Chapter 4, the SRF-PLL,
fundamental to all the known PLL concepts, is used for the grid-synchronization.
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Feedback Control System Error

The small-signal transfer function of a three-phase SRF-PLL is shown in Fig. 6.4. In Fig.

+
-

Figure 6.4: PLL small signal closed loop transfer function diagram

6.4, ∆q is the grid-voltage, space-vector, small perturbation projected on the q-axis of the
SRF,∆ω represents the PI controller output in rad/s,∆θ is the phase angle output, and Vd1

is the grid voltage space vector projected on the d-axis of the SRF when the perturbation∆q
is small. In the per unit system, Vd1

can be normalized to 1, and Fig. 6.4 can be simplified
as shown in Fig. 6.5. To assess the small-signal dynamic performance of a given feedback

+
-

+
-

Input error

Output error

Figure 6.5: Feedback control system with input and output error definition

transfer function, the input errorE(s) is often defined as the difference between inputR(s)
and its closed loop feedback B(s), i.e.:

E(s) = R(s)−B(s) = R(s)− C(s)H(s) (6.1)
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Following the same logic, the output error E′(s) is defined as the difference between the
expected output C(s) and the actual output C ′(s):

E′(s) = C ′(s)− C(s) (6.2)

For a feedback control system, when E(s) = 0 it indicates zero error between the expected
output C(s) and the actual output C ′(s) hence (6.1) can be rewritten as:

E(s) = R(s)− C(s)H(s) = R(s)− E′(s) = 0 (6.3)

C ′(s) =
R(s)

H(s)
(6.4)

Taking (6.4) into (6.2), we have the output error expressed as:

E′(s) =
R(s)

H(s)
− C(s) (6.5)

If (6.1) is divided with H(s) on both sides:

E(s)

H(s)
=

R(s)

H(s)
− C(s) (6.6)

Relationship between input error and output error can be established by combining (6.5)
and (6.6) as:

E′(s) =
E(s)

H(s)
(6.7)

PLL Steady State Error

For the PLL feedback transfer function withH(s) = 1
s , (6.7) provides the theoretical basis

to explain the PLL steady-state frequency output error and phase angle output error. As
the VSC power stage output depends on the accurate phase angle output from the PLL,
we are thus interested in the phase angle output under the fast ROCOF (rate of change
of frequency) event. When the system frequency is declining rapidly due to power system
disturbances (e.g. generator trip, load change, faults etc), the system frequency f(t) and
phase angle θ(t) deviation can be defined as a function of time, respectively:

f(t) = Krampt (6.8)

θ(t) =
1

2
Krampt

2 (6.9)

where the f(t) and θ(t) are the frequency and phase angle as a function of time respectively,
t is the time, andKramp defines the ramp rate of frequency deviation. Following the input
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error definition (6.1), the SRF-PLL input error transfer function can be derived by dividing
R(s) on both sides of (6.1):

E(s)

R(s)
= 1− C(s)

R(s)
H(s) =

1

1 +G(s)H(s)
(6.10)

C(s)

R(s)
= Gclose(s) =

G(s)

1 +H(s)G(s)
(6.11)

If the poles of s · E(s) are all on the right half plane (Nyquist stability criterion), the the
steady-state error is defined as [86]:

ess = lim
t→∞

e(t) = lim
s→0

sE(s) = lim
s→0

sR(s)

1 +G(s)H(s)
(6.12)

For a fast ROCOF event, the input R(s) is written as:

R(s) =
Kramp

s3
(6.13)

Then the steady state phase angle error can be calculated by putting s → 0:

lim
s→0

sE(s) = lim
s→0

sR(s)
1

1 +Gopen(s)H(s)

= lim
s→0

Kramp

s2
1

1 + 1
s (Kp +

Ki

s )

= lim
s→0

Kramp

Ki

(6.14)

Similarly the output-frequency steady-state error can be calculated by inserting (6.14) into
(6.7):

lim
s→0

sE′(s) = lim
s→0

s
E(s)

H(s)
= lim

s→0

sKramp

Ki
= 0 (6.15)

From (6.14), it can be seen that the phase angle will have a steady-state error, which is
a function of the ROCOF ramp rate Kramp and PLL controller integral gain Ki. The
Kramp is largely fixed in a fast ROCOFevent by the system inertia and the shortage/surplus
of power caused by the transient event, hence the PLL output steady-state phase angle error
is determined by the integral gainKi. To minimize the steady-state phase angle error during
the fast ROCOF event, it is therefore beneficial to keep the PLL integral gain constant Ki

high.

System Stability and PLL Controller Bandwidth

To allow for rapid fundamental grid voltage frequency tracking and phase angle determina-
tion, the PLL can be designed with a high control bandwidth. Yet it is common practice
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to design the PLL with slow dynamics to ensure stable operation. This is especially true
in a weak grid condition, where a slower response of the PLL can filter out the terminal
voltage variation caused by the active/reactive power injection [117]. Additionally, the
stability analysis performed in the Chapter 5 points out that a high PLL control bandwidth
could trigger the small signal voltage instability of the VSC power stage output when the
negative resistance region (caused by the PLL impedance shaping effect) intersects with the
grid resonance point. Hence it is vital to design the PLL with slow dynamics in a weak grid
to ensure the overall VSC stable operation. Revisiting the conclusion from Section 6.1.3,
one should opt to design the PLL with a high integral gain constant (Ki) yet low control
bandwidth.

With reference to Chapter 4 SRF-PLL small-signal modeling, two sets of PLL parameters
with 45 degree phase stability margin are proposed in Table 6.1. The PLLlow parameter set
operates a PLL with low control bandwidth (i.e. ωbw ≈ 2.8 Hz). PLLhigh parameter set
operates a PLL with high control bandwidth (i.e. ωbw ≈ 28 Hz).

Table 6.1: PLL Parameters Selected for the Study

Bandwidth(ωbw) Kp Ki

PLLlow 8.4 100
PLLhigh 84 10000

In Section 6.1.5, the PLL parameters proposed in Table 6.1 and its influence on the VSC
power stage output will be studies further under the fast ROCOF event.

6.1.4 VSC Modelling and Analysis

To allow for an integrated analysis of the impact of the ROCOF on the VSC power stage
output considering the PLL dynamics, the wind turbine installed on the Bonaire island
power system is represented by a generic 850 kW grid-connected VSCmodel in this section.

VSC Simulation Model

Themain control system and the electrical parameters chosen for the 850 kWVSC are shown
in Table 6.2. A typical cascaded control scheme is assigned to the 850 kW VSC simulation
model as shown in Fig. 6.6, where the outer loops are realized by two parallel PI controllers
regulating the DC bus voltage and the reactive power output to a constant and inner-loop is
realized by using proportional resonance (PR) controllers regulating the inverter side current
dynamics. The reference value is indicated with ∗ in their superscript. In Fig. 6.6, vc is the
filter capacitor instantaneous phase to neutral voltage in the abc frame, i1 is the inverter side
instantaneous current in the abc frame, i∗d and i∗q are the current control loop references
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in-phase and quadrature with the grid voltage (i.e. vc) in dq frame, P1 and Q1 are active
and reactive power calculated at the filter capacitor side, vdc and v∗dc are the DC voltage and
its reference set-point respectively.

VSC LCL Filter Grid
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Figure 6.6: VSC inner and outer control loop diagram for the study

VSC Stability Analysis

When the bandwidth of the inner and outer control loops are separated by a decade, then
the inner loop and outer loop of VSC control system can be considered as decoupled. From
the VSC system stability point of view, the inner current control is directly interacting with
the output filter circuit with a fixed operating point (i.e. reference signal received from
outer control loop), hence the small-signal stability of a VSC can be analyzed by deriving its
closed-loop transfer function of its current controller (Fig. 6.7) and plotting it in a pole zero
map (Fig. 6.8). In Fig. 6.7, Gic(z) depicts the proportional resonance controller in the Z
domain with a 10 kHz sampling time:

Gic(z) = Z{Kp +
2Kiωc

s2 + 2ωcs+ ω2
o

}
∣∣∣Ts=100µs

Tustin

(6.16)

where ωo is the fundamental frequency output from the PLL, and ωc is the bandwidth of the
proportional resonance controller. Gvdc(z) is the small signal gain of the PWMmodulator,
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Table 6.2: VSC Main Parameters

Parameter Value Unit
Rated Power 850 kW
DC Link Voltage Vdc 800 Volts
DC Link Capacitor Cdc 20 mF
AC Voltage Vrms 400 Volts
L1 Inverter Side Inductor 80 µH
R1 Resistance of L1 0.001 Ohm
L2 Grid Side Inductor 80 µH
R2 Resistance of L2 0.001 Ohm
Cf Filter Capacitor 425 µF
Rf ESR of Cf 0.01 Ohm
Sampling Time Ts 100 µs
Switching Frequency fsw 5000 Hz
PR Proportional GainKp 1 p. u.
PR Integral GainKi 250 p. u.
PR Bandwidth ωc 2 p. u.
DC Proportional GainKpvdc

1 p. u.
DC Integral GainKivdc

100 p. u.
Q Proportional GainKpQ 1 p. u.
Q Integral GainKiQ 100 p. u.

where the input signals are the output voltage reference signals from the digital controller
and the output signals are the electrical voltage signals at the VSC output terminal:

Gvdc(z) = 400 (6.17)

Hi is the constant gain that normalizes the measured current to the per unit base value
defined as:

Hi =
1

1735
(6.18)

Gd(z) indicates one sampling cycle digital computation delay:

Gd(z) = z−1 (6.19)

Figure 6.7: VSC Z Domain Current Control Loop Transfer Function Diagram
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The LCL filter transfer function block Yop(z) can be written as:

Yop(z) = Z{ 1

Lf (s) +
Cf (s)Lg(s)
Cf (s)+Lg(s)

}
∣∣∣Ts=100µs

ZOH

(6.20)

Lf (s) = L1s+R1

Cf (s) =
1

Cfs+Rf

Lg(s) = L2s+R2

(6.21)

The parameters used in (6.16), (6.17), (6.20), (6.21) can be found in Table 6.2. In Fig. 6.8,
the proportional resonance controller parameters are calculated in proportion to the gain
constantK (Kp = 1 ·K;Ki = 250 ·K), whereK varies from 0 → 2 in step of 0.1. From
the pole zero map, it indicates that when K = 2 the current controller is critically stable.
When K = 1 is chosen, the dominant pole has found the balance between the transient
response settling time and its damping.
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Figure 6.8: VSC Z-domain pole zero map of the inner current control loop
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6.1.5 Simulation and Experimental Results

This section presents the study case results of PLL dynamics under fast ROCOF. Time
domain simulation results under the fast ROCOF events are presented and a vector diagram
based analysis is carried out to explain the phenomena. A down-scaled experiment is
performed to verify the simulation results with Bonaire island power network.

Simulation Results - Simple Test Network

In this section, the detailed VSC electromagnetic transient model developed in Section 6.1.4
is connected to a simple test network model, where an ideal voltage source is connected in
series behind a short-circuit impedance (Fig. 6.9). To study the impact of a fast ROCOF on
the PLL dynamics and the VSC power stage output, the ideal voltage source is triggered by
a frequency ramp-down event (ROCOF=10 Hz/s), where the mechanical inertia coupling
is not considered.

VSC

Figure 6.9: VSC dynamics under fast ROCOF connected to a simplified network

Fig. 6.10 presents the simulation results with a simple test network. The emulated frequency
ramp-down event is shown by the green curve in Fig. 6.10(b), where system frequency starts
to decline at 2 sec and it settles at 46 Hz in 0.4 sec (ROCOF=10 Hz/s). Two sets of PLL
parameters (see Table 6.1), namely the PLL with the high and low control bandwidth, are
calculated on the same event. Looking at Fig. 6.10(b) and Fig. 6.10(c), the PLL with a
high controller bandwidth (blue) tightly follows the frequency variation (Fig. 6.10(b)) with
negligible phase error (Fig. 6.10(c)) whilst the PLL with low controller bandwidth (red
curves in Fig. 6.10(b) and Fig. 6.10(c) respectively) exhibit inferior dynamic performance
during the fast ROCOF event. Surprisingly the VSC power stage output (dashed line in
Fig. 6.10(a)) with low PLL bandwidth does not deviate significantly from its power set-
point despite a significant phase angle error (red curve in Fig. 6.10(c)).
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Figure 6.10: Simulation results with a simplified network and different PLL parameters (see
Table 6.1) - (a) VSC output (b) PLL frequency tracking (c) PLL phase angle tracking
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In Fig. 6.11, the direct (I∗dref ) and quadrature (I∗qref ) current reference is shown. For
the case with a high PLL controller bandwidth, its current controller reference point is
maintained the same during the fast ROCOF event (solid line in Fig. 6.11). However,
this is not the case when the PLL controller bandwidth is low. In order to maintain the
VSC output power during the fast ROCOF event, the phase angle error introduced by the
PLL will be counteracted by the outer controller loop which constantly regulates the direct
(I∗dref ) and quadrature (I∗qref ) current reference (dashed line in Fig. 6.11).
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Figure 6.11: Current controller reference signal from dual outer loop controllers - PLL with low
bandwidth (dash line) , PLL with high bandwidth (solid line)

Adetailed explanation of the fast ROCOF impact on the PLL dynamics and its consequential
VSC power stage output can be made by the vector diagram shown in Fig. 6.12. Take the
PLL with low controller bandwidth for example, when the fast ROCOF event initiates, a
phase angle error (∆q) occurs between the actual grid voltage vector (Us1) and the d-axis
of a rotating frame. Both id and iq will project in phase and quadrature components onto
the actual grid voltage vector (Us1). Effectively, this indicates the coupling of the active and
reactive power in the control, and this can be compensated by the outer loop power flow
controllers. In fact, the PI controller embedded in the outer loop controller increases the
PLL controller from type II to type III making it capable of maintaining stable VSC power
output, despite the large phase angle error.

Dynamic Model Validation

A 12 kV feeder three-phase fault incident record was used to validate the dynamic behavior
of the Bonaire island power grid model. Fig. 6.13(a) and Fig. 6.13(b) demonstrate the
overall system frequency and voltage response following a three-phase fault at the 12 kV
feeder. In this incident, the frequency drop has caused the activation of the under frequency
relay after 400 ms, as a consequence approximately 3 MW of load was shed.
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Figure 6.12: Vector diagram illustrating PLL dynamics under fast ROCOF

In Fig. 6.13(a) and Fig. 6.13(b) the red solid lines present the voltage and frequency curve
with only pure impedance load, while the green solid line shows the voltage and frequency
curve with a combination of pure impedance load and Air-conditioning load. The blue
dotted lines indicate the voltage and frequency extracted from the fault record at 12 kV
feeder. A good match can be found with the system voltage between the fault record and the
simulation (Zload+Airco). Slow voltage recovery is represented by the Air-conditioning load
portion with high reactive power consumption following the system voltage recovery. With
the pure impedance load case (red solid line), the voltage recovery is rapid and followed by a
voltage overshoot of 1.1pu. During the fault, the calculated frequency from the voltage fault
record is jittering due to averaging window calculation method used for the post-processing.
As a result, the frequency plot validation focuses on matching the frequency trend following
the fault clearance. Following the fault clearance, the simulation results (Zload+Airco)
quickly decrease as a result of the air-conditioning load active power rise following the voltage
recovery plus the slow recovery of wind turbine in the zero power mode (ZPM). Eventually
a good match can be found between the calculated frequency from the voltage fault record
and the simulation results (Zload + Airco). When the network is simulated with the pure
impedance load, the frequency drop is insignificant and system will resume 50Hz when the
network settles after 1000 ms following the fault recovery.

The three-phase fault model validation demonstrates good dynamic accuracy of the
simulation model.
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(a)

(b)

Figure 6.13: Overall system response at 12 kV fault record (blue-dotted), simulation results with
impedance load (red-solid), and simulation results with airco load (green-solid) -(a) frequency
(b) voltage
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Simulation Results - Bonaire Island Power System

In this section the simple test network is replaced by a validated Bonaire island network
model (see Fig. 6.14) with 5 diesel generators in service supplying a total system load of 12
MW/6 Mvar lumped at the main 12 kV distribution substation, technical details related to
the network structure, the dynamic diesel generator controllers, and the validation results
are included in [125]. For the simplified Bonaire island network model, the inertia aspect
is included in the PSCAD generator model. Similar to the actual fault record in Fig. 6.3,
where the fast ROCOF is induced by the 12 kV system fault, here a balanced three-phase
fault on the 12 kV system (400 ms fault clearing time, 20% voltage dip) and the dynamic
behavior of a generic 850 kW wind turbines model is observed under a fault induced fast
ROCOF event.

VSC

11 kV Bus 30 kV Bus

11/30 kV
18 MVA

11/30 kV
18 MVA

DG 1

DG 2

DG 3

DG 4

DG 5
PCC

30/12 kV
20 MVA

30/12 kV
20 MVA

Load

12 MW
6 Mvar

850 kW

30/0.4 kV
1 MVA

12 kV Bus

3ph fault

Figure 6.14: Single line diagram of Bonaire Island power system

Fig. 6.16 demonstrates the simulation results when the VSC is coupled to the simplified
Bonaire island network. A simulated three-phase 12 kV cable fault causes the total system
consumption to increase (Fig. 6.16(b)) due to the fault current flowing through the
equivalent fault resistance and the system frequency decreases sharply from approximately
50 Hz to 47.5 Hz in 400 ms (Fig. 6.16(c)). When the fault occurs in the network (for
20% voltage dip), the grid-connected VSC will run into the Under Voltage Ride Through
(UVRT1) mode by the activation of the chopper resistance and the injection of active/reactive
current as per grid code requirement. With reference to [120, 126, 127], anti-windup will

1UVRT is the capability of electric generators to stay connected in short periods of lower electric network voltage
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freeze the outer loop controller integral input (i.e. set to 0) and the inner current controller
current reference (I∗dcode&I∗qcode) is calculated according to the grid code requirement (see
Fig. 6.15). For the frequency stability of the Bonaire island power network, the UVRT
strategy aims to maintain active power output during the frequency ride through period and
set the I∗dcode = 1.0 pu and I∗qcode = 0.0 pu for the maximum active power delivery. In

+
-

+
-

+

+

+
+

+

+

+
+

freeze

freeze

0

0

Figure 6.15: UVRT strategy for 850 kW voltage source converter

the case of a fault induced fast ROCOF, the UVRT strategy will fix the current controller
reference given by the grid code requirement. For the PLL with a low control bandwidth,
the large phase angle error will effectively cause the coupling of active and reactive power
control as explained in Section 6.1.5 with the vector diagram (Fig. 6.12). For the UVRT
strategy with maximized active power delivery, the results from Fig. 6.16(a) indicates that
the VSC output with a low PLL control bandwidth (dashed line in Fig. 6.16(a)) delivers less
active power and consumes additional reactive power from the grid during the fault induced
fast ROCOF event.
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Figure 6.16: Simulation results with Bonaire island power network using different PLL control
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Experimental Results

A laboratory scale experimental setup is built to verify the analytical/simulation results
concerning the fast ROCOF effect on the PLL dynamics. The regenerative grid simulator
Chroma 61845 is used to emulate the fault induced fast ROCOF. The VSC is implemented
by a Danfoss FC103P11KT 11 converter and the control algorithms are programmed
in dSPACE1007. The parameters of the inverter are summarized in Table 6.3 and the
experimental setup is shown in Fig. 6.17.

Table 6.3: Parameters of inverter for experiment verification

Parameter Value Unit
Rated Power 2 kW
Grid fundamental frequency 50 Hz
DC Link Voltage Vdc 730 Volts
DC Link Capacitor Cdc 1500 µF
AC Voltage Vrms 400 Volts
L1 Inverter side inductor 1500 µH
Lt Equivalent grid-side inductor (L2 + Lg) 1500 µH
Cf Filter capacitor 5 µF
Inverter control sampling frequency fs 10 kHz
Inverter switching frequency fsw 10 kHz

In the laboratory scale experiment, a three-phase fault (20% voltage dip and 10 Hz/sec
ROCOF) is emulated by the regenerative grid simulator Chroma 61845 and cleared after
400 ms. Fig. 6.18(a) demonstrates the experimental results when the inverter is operated
with the low bandwidth PLL parameters (see Table 6.1). The inverter is firstly operated
in normal operating condition with 2 kW active power output and 0 kVA reactive power
output. Then the three-phase fault is initiated and cleared after 400 ms. During the fault,
the frequency decreased from 50 Hz to 46 Hz (i.e. 10 Hz/sec ROCOF), and the q-axis
voltage deviated from zero indicating a large θ angle error.

Fig. 6.18(b) shows the experimental results when the inverter is operated with high
bandwidth PLL parameters (see Table 6.1). For the UVRT strategy with maximized active
power delivery, experimental results confirm that the VSC output with a low PLL control
bandwidth (Fig. 6.18(a)) will deliver less active power and consumes additional reactive
power from the grid.

In the context of increasing renewables, less active power delivery in the low inertia grid
will not only threaten the frequency stability but also result in undesirable under-frequency
load-shedding. Additionally, extra consumption of reactive power from the grid during the
fault condition will hinder the voltage recovery following the fault clearance.
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Figure 6.17: The laboratory scale experiment setup

6.1.6Conclusions

Based on the fault record from the Bonaire island grid, this study case investigates the low
inertia grid, where the system frequency varies rapidly due to the low kinetic energy buffer
available from the declining amount of the synchronous generators mechanical inertia. It is
shown that the phase angle error measured by the PLL is proportional to the slope rate of
the ROCOF and inversely proportional to the PLL controller integral gain constant (Ki).
Illustrated in the vector diagram (see Fig. 6.12), the impact of a fast ROCOF on the PLL
dynamics is explained. For a PLL with low controller bandwidth, the phase angle error
can effectively be counteracted by the outer loop PI controller regulation. However, for
the fault induced fast ROCOF as recorded in the Bonaire island power grid, the existing
UVRT strategy shown in the literature will freeze the outer loop PI controller and calculate
the current controller reference directly according to the grid code requirement. Simulation
results in a validated Bonaire island network indicate that the VSC with a low PLL dynamics
delivers less active power to the grid whilst it consumes additional reactive power during
the fault induced fast ROCOF. A laboratory scale experimental setup is established and the
analysis/simulation results with simplified Bonaire network are verified.
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Figure 6.18: Experimental results with fault induced ROCOF of 10 Hz/sec- (a) Inverter response
during fault induced fast ROCOF with low bandwidth PLL parameters, (b) Inverter response
during fault induced fast ROCOF with high bandwidth PLL parameters
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6.2 Voltage stability analysis of grid-STATCOM interaction

Chapter 5 concluded that the PLL of the grid-connected VSC brought about an equivalent
negative resistance when the VSC current set-point is either injecting active power into the
power grid or absorbing reactive power from the grid. Whilst the previous studies [104–107]
have already identified the equivalent negative resistance brought about by the PLL of the
grid-connected VSC when it is generating active power, the equivalent negative resistance
found in Chapter 5 where the VSC is absorbing reactive power is new. This section further
investigates the voltage stability of the grid-STATCOM interaction in a weak grid condition.

In this work, unlike the typical power grid representation by the single [108, 109] or the
cascaded constant RLC circuit [110,111], an enhanced power gridmodel is built considering
the distributed and frequency dependent parameters of a long transmission line. Note
that [128] considers only distributed single conductor DC cables without skin effect (i.e.
frequency dependency). Thismodeling approach not only generates accurate grid impedance
resonance points but considers also realistic resistive damping above 50 Hz, contributing to
a more accurate small-signal voltage stability analysis.

The rest of study case is organized as follows: Section 6.2.1 describes the selected case study,
where a 300 MW onshore wind farm and 150 MVA STATCOM are connected via a 400
km double circuit transmission line to the transmission grid. Section 6.2.2 describes the
large-signal averaged power electronics model of a 33kV connected STATCOM built in
EMTDCTM/PSCADTM. Section 6.2.3 presents the frequency domain small-signal model
derivation of the 2 × 2 complex vector transfer matrix in the αβ-domain. Section 6.2.4
presents the overhead line and power transformer model used for the case study. Section
6.2.5 demonstrates the impedance-based stability analysis results applying the generalized
Nyquist stability criterion. The adequacy of the FD-model and π-model of the overhead
line is investigated in the impedance-based stability analysis. The frequency domain stability
study results are then validated against the time-domain EMTDCTM/PSCADTM simulation
results in Section 6.2.6. Conclusions are drawn in Section 6.2.7.

6.2.1 System description

To illustrate the small-signal voltage stability issues related to the STATCOM grid
integration, a case study concerning a 300 MW onshore wind farm to be connected via
a 400 km, 220 kV, double-circuit transmission line is shown in Fig. 6.19. To ensure that
the PCC voltage (see Fig. 6.19) remains within ±10% of nominal voltage during the wind
farm start-up and continuous operation, a 150 MVA STATCOM is placed at the wind farm
PCC. Since the study case is to further investigate the voltage stability of the grid-STATCOM
interaction, only the wind farm start-up sequence is considered. The circuit breaker CB_WT,
which connects to the 33 kV wind farm collection grid is open (i.e. wind farm dynamics
is excluded in this study), and both the CB_Var (33 kV circuit breaker) and the CB_Trf



162 Chapter 6: Case Studies

(220 kV circuit breaker) are closed with the STATCOM regulating the voltage at the 220
kV busbar, labelled BB_ARH to 220kV nominal voltage. The short circuit impedance Zg

is shown in Table 6.4.

Figure 6.19: Schematic of a 300 MW onshore wind farm with 150 MVA STATCOM via 400
km double-circuit overhead lines

Table 6.4: Grid Impedance of the power system in Fig. 6.19

Parameter Value Unit
Grid Voltage, Vg 220 kV
Short Circuit Current, Isc 40 kA
Equivalent resistance, Rg 0.316 Ohm
Equivalent inductance, Lg 0.010 H
X/R ratio 10
Wind Farm 300 MW

6.2.2 STATCOM time-domain model

The main control system and the electrical parameters for the 150 MVA STATCOM are
shown inTable 6.5. A typical cascaded control scheme is used for the 150MVA STATCOM
simulation model as shown in Fig. 6.20, where the outer loops are realized by two parallel PI
controllers regulating the DC bus voltage and the reactive power output to constant values.
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Figure 6.20: STATCOM inner and outer control loop diagram

The inner-loop is realized by using a proportional resonance (PR) controller regulating the
inverter side current dynamics. Reference values are indicated with ∗ in their superscript.
In Fig. 6.20, i1 is the inverter side instantaneous current in the abc frame, i∗d and i

∗
q are the

current control loop references in-phase and quadrature with the grid voltage (i.e. e) in the
dq-frame, P1 andQ1 are active and reactive power calculated at the filter capacitor side, vdc
and v∗dc are the DC voltage and its reference set-point respectively. A SRF-PLL, commonly
used for the majority of grid-connected VSCs, is used for grid synchronization in this study
case. Following the parameters (see Table 6.5) and control strategy described, an averaged
power electronics model for the 150 MVA STATCOM is built in EMTDCTM/PSCADTM

version 4.6.2 and used later for the validation of the critical stability point found with the
impedance-based method in Section 6.2.5.
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Table 6.5: STATCOM Main Parameters

Parameter Value Unit
Rated Power, Sr 150 MVA
AC line-line voltage, Vrms 33 kV
Inverter Side Inductor, L1 3.5 mH
Resistance of L1, R1 0.011 Ohm
Sampling Time, Ts 100 µs
Equivalent Switching Frequency, fsw 5000 Hz
PR Proportional Gain, Kp 1
PR Integral Gain, Ki 250
PLL Proportional Gain,Kppll 92
PLL Integral Gain, Kipll 46
DC Proportional Gain, Kpvdc

1
DC Integral Gain,Kivdc 33
Q Proportional Gain, KpQ

1
Q Integral Gain, KiQ 33

6.2.3 Input Admittance Model of the STATCOM

To combine the AC current control loop with the PLL effect on the VSC input admittance,
with reference to Chapter 5, the real space matrix can be expressed as a complex space matrix
in the dq-frame and transformed into the αβ-frame as: −→

I

ej2θ
−→
I∗

 =

−−−−→Ytcl+,dq(s− jω1)
−−−−→
Ytcl−,dq(s− jω1)

−−−−→
Y∗
tcl−,dq(s− jω1)

−−−−→
Y∗
tcl+,dq(s− jω1)


︸ ︷︷ ︸

−−→
Ym
tcl±(s)

 −→
E

ej2θ
−→
E∗

 (6.22)

where
−−→
Ym
tcl±(s) denotes the αβ-frame VSC input admittance including the AC current

control and PLL effect.

6.2.4Overhead line and transformer model

As opposed to the lumped and constant parameter approaches from previous work [108–
111] in the representation of the electrical power grid, this section introduces the frequency
domain modelling approach utilizing the physical dimension of the network component
to derive a model suitable for the study of high-frequency electro-magnetic transient
phenomena (up to 10 kHz analysis). Since the detailed derivation of the overhead line and
the transformer high-frequency models were already performed in [129], only a summary
of the overhead line (both FD-model and π-model) and the power transformer frequency
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domain modeling is presented here, together with the key analytical equations. The
corresponding impedance frequency sweep plots for the overhead lines together with the
power transformer is shown in Section 6.2.4.

The relevant parameters to determine the frequency dependent characteristics of the 400 km
overhead line are included in Tables 6.6

Table 6.6: Overhead line data

Parameter X Position [meter] Y Position [meter]
Conductor 1 -7.5 44
Conductor 2 -7.5 35
Conductor 3 -8.5 26
Conductor 4 7.5 44
Conductor 5 7.5 35
Conductor 6 8.5 26
Grounding Wire 1 -10 48.5
Grounding Wire 2 10 48.5
Tower center 0.00 N/A
Ground NA 0.00
Parameter Value Unit
Length 400 km
Outer radius 0.01075 meter
DC resistance 0.0723 Ω/km
Relative permeability 1.0 dimensionless
Total bundled sub-conductor 3 quantity
Bundle configuration symmetrical N/A
sub-conductor spacing 0.4 m
Parameter Value Unit
Outer radius 0.00829 m
DC resistance 0.18 Ohm/km
Relative permeability 1.0 dimensionless

Overhead line π-model

Typically when a transmission line is short2 compared to the wavelength of the concerned
frequency phenomena, the simplified π-model can be used [16]. For a wavelength of 1500
km (i.e. 200 Hz phenomena), the 400 km overhead line cannot be considered short;
therefore using the π-model can bring about error. For the π-model illustrated in Fig. 6.21,

2As a rule of thumb, short is defined here as less than 10% of the wavelength
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its electrical parameters are defined as:

Zα = Z ·D (6.23)

Y α = 0.5 · Y ·D (6.24)

where D is the transmission line length. Z and Y are the series impedance and shunt
admittance (per unit length) derived for the fundamental frequency only.

Figure 6.21: Single phase overhead line π-model illustration

The constant parameters (i.e. 50 Hz coupling only) applied to model the 400 km overhead
line is included in Table. 6.7. 3

Table 6.7: Overhead Line π Model

Parameter Value Unit
Base Rating 100 MVA
Base Voltage 220 kV
Line R 0.0203 p.u.
Line X 0.2364 p.u.
Charging B 0.7647 p.u.

Transformer model

The400MVA, three-phase, three-winding (HV:220 kV,MV: 33 kV, LV: 33 kV) transformer
in the study case is adapted from the 500MVA three-phase, three-winding, three-limb power
transformer presented in [130]. The inductance coupling is fully described following the
universal magnetic equivalent coupling (UMEC) approach, where the physical configuration
of the transformer magnetic core and geometry are considered (see [130] for the detailed
modeling approach). The saturable core of the 400 MVA transformer is modeled with
a piece-wise linearized curve, where points are defined in Table 6.8. The inductance and
relevant transformer magnetic core geometry is included in the Table 6.9 with the copper
losses and the ferrite losses represented by the equivalent AC resistance.

3B is the susceptance, measured in Siemens
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Table 6.8: Transformer Saturation Curve of a 400 MW unit

Parameter Current [%] Voltage [p.u.]
Point 1 0.00 0.00
Point 2 0.0258 0.90
Point 3 0.032 1.00
Point 4 0.0819 1.10
Point 5 0.172 1.15
Point 6 0.301 1.20
Point 7 9.215 1.30
Point 8 9.215 1.40
Point 9 72.7 1.50
Point 10 140 1.80

Table 6.9: 400 MVA Transformer Main Parameters

Parameter Value Unit
Base frequency 50 Hz
Primary Winding Rating 400 MVA
Secondary Winding Rating 400 MVA
Tertiary Winding Rating 180 MVA
Leakage reactance winding Pri-Sec 0.1388 p.u.
Leakage reactance winding Sec-Ter 0.0661 p.u.
Leakage reactance winding Pri-Ter 0.2117 p.u.
Ratio yoke/winding-limb length 0.50 ratio
Ratio yoke/winding-limb area 1.00 ratio
No load losses 0.032 %
Copper losses winding Pri-Sec 0.004624 p.u.
Copper losses winding Sec-Ter 0.002202 p.u.
Copper losses winding Pri-Ter 0.007059 p.u.
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Impedance frequency sweep

Fig. 6.22 depicts the impedance frequency sweep for a 400 km overhead line plus the
transformer impedance, when looking from the 33 kV side. A comparison of the frequency
dependent (FD)-model (red solid line) and the π-model (blue dashed line) of the 400 km
overhead line is shown in Fig. 6.22. Both the FD-Model and the π-model are able to
predict the first resonance peak albeit with discrepancies in terms of the first resonance
frequency and peak value. Multiple resonances are captured by the FD-model with a
damped resonance peak value towards high frequency, whilst the π-model failed to predict
the frequency response of the overhead line beyond the first resonance peak. A zoom-in is
provided for the first resonance peak. It can be observed from the detailed zoom-in plot (Fig.
6.22(b)) that the π-model produces a lower resonance frequency at 162 Hz with a higher
resonance impedance at 154 Ohm in comparison to the FD-model (i.e. 111 Ohm at 176
Hz). Whenever possible, the FD-model should be used for the modeling of overhead line to
obtain a better accuracy. The impact of different frequency characteristics of the FD-model
and π-model will be further elaborated in the small-signal voltage stability analysis in Section
6.2.5.
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Figure 6.22: (a) Power grid impedance frequency sweep with a 400 km overhead line and
the 400 MVA transformer when looking from the 33 kVside (b) Zoom-in around the first
resonance point
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6.2.5 Impedance-Based Stability Analysis

Applying the 2 × 2 VSC input admittance complex transfer function matrix (see Section
6.2.3) and detailed grid impedance model (see Section 6.2.4), firstly the impedance-
based stability analysis is performed for the 150 MVA STATCOM. Then time domain
validation is performed in EMTDCTM/PSCADTM for the critical stability points found
by the impedance-based method. For the results presented in this section, the STATCOM
reactive power flow direction is defined as:

1. Capacitive mode (+ sign)→ reactive power flow from STATCOM towards the power
grid.

2. Inductive mode (- sign) → reactive power flow from the power grid towards
STATCOM.

The generalized Nyquist stability criterion can be applied for the stability analysis concerning
the asymmetric matrix:

−→
Lm(s) =

−→
Zm
g (s)

−−→
Ym
tcl±(s) (6.25)

where
−−→
Ym
tcl±(s) is the asymmetric matrix as described by (6.22), and

−→
Zm
g (s) is the grid

impedancematrix. The system stability can therefore be predicted by the frequency responses
of the eigenvalues of the impedance ratio, which can be calculated as:

det
[
λIm −

−→
Zm
g (s)

−−→
Ym
tcl±(s)

]
= 0 (6.26)

Under normal operating conditions (i.e. without transformer core saturation), the power
transformer will have a nearly symmetrical impedance matrix and long transmission
overhead lines typically are transposed multiple times to keep the non-diagonal impedance
values close to zero. In this case, the eigenvalues of the impedance ratio can be approximated
as [107]:

det
[
λIm −

−→
Zm
g (s)

−−→
Ym
tcl±(s)

]
≈ Zg(s) · det

[
λIm −

−−→
Ym
tcl±(s)

]
(6.27)

where Zg(s) is the diagonal positive sequence grid impedance. For the impedance-based
stability analysis, instead of plotting the eigenvalues of (6.26) in the Nyquist diagram, the
stability can be determined by plotting the frequency response for the eigenvalues of

−−→
Ym
tcl±(s)

against the positive sequence grid admittance Yg(s) =
1

Zg(s)
and examining the admittance

intersection point where the phase margin≤ 0.

To find the critical stability point with the STATCOM operating in the inductive mode,
two cases (i.e. Q = −0.7p.u. and Q = −0.75p.u.) are evaluated with the impedance-
based method as shown in Fig. 6.23 and Fig. 6.24. Fig. 6.23 indicates that eigenvalue
λ2(s) (black dashed line) intersects with the grid admittance (blue solid line) at 174 Hz
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with still positive albeit small phase margin of only 5 degrees for the FD-model. This
would imply an insufficient damping and long settling time in the case of a transient event.
When employing the π-model, a negative phase margin of -15 degree will be obtained
indicating an unstable operating condition. However, such predictions contradict with the
time domain PSCAD validation results in shown Section 6.2.6. The reason for this is that
the π-model produces under-estimated resistive damping and the incorrect first resonance
point prediction neglecting the inductance coupling beyond 50 Hz.
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Figure 6.23: Generalized Nyquist stability results shown in a Bode diagram analyzing the overall
system - Marginally stable inductive mode operation with Q = −0.7 p.u.

Fig. 6.24 indicates that the eigenvalue λ2(s) (black dashed line) intersects with the grid
admittance (blue solid line) at approximately 173 Hz with a negative phase margin of -8.5
degree for the FD-model. In this case, the STATCOM will be unstable and it is predicted
that two frequency components (i.e. 173 Hz and 73 Hz) will appear in the output current
due to the cross-modulation effect of the PLL with a set-point of Q = −0.75p.u.. This
prediction is further validated by the time domain simulation on the same case study as
shown in Section 6.2.6. When calculating with the π-model, Fig. 6.24 indicates that the
eigenvalue λ2(s) (black dashed line) intersects with the grid admittance (magenta dotted
line) at approximately 159 Hz with a negative phase margin of -17 degree. However, the
time domain simulation on the same case study in Section 6.2.6 proves that the harmonic
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resonance frequency prediction is not correct (173 Hz versus 159 Hz).
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Figure 6.24: Generalized Nyquist stability results shown in bode diagram analyzing the overall
system - Unstable inductive mode operation with Q = −0.75 p.u..

6.2.6 Time-Domain Simulations

To further validate the small-signal voltage stability results obtained via the impedance-based
method following the generalized Nyquist stability criterion, time domain simulations are
performed using EMTDCTM/PSCADTM with the same case study. Fig. 6.26(a) and Fig.
6.26(b) denote the instantaneous voltage and current time series at the STATCOM point
of connection (POC) in Fig. 6.19. A set-point change is initiated at 5 seconds (Q =
−0.7p.u. → Q = −0.75p.u.). A zoom-in is provided for both time series plots at 4
seconds and 9 seconds, where stable operation (see Fig. 6.26(c) and Fig. 6.26(d) and unstable
operation (see Fig. 6.26(e)) and Fig. 6.26(f )) are shown. In addition to the time series
plots, Fourier analysis is performed for the current time series at 4 seconds and 9 seconds
respectively with a resolution of 1 Hz. Fig. 6.25 shows the frequency domain results for the
POC current time series at 4 seconds and 9 seconds, clearly showing the unstable operation
mode with harmonic component at 173 Hz and 73 Hz. When compared to the impedance-
based results shown in Fig. 6.23 and Fig. 6.24, the time domain simulation results verifies
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the accuracy of the frequency dependent overhead linemodel in comparison to the simplified
π-model.
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Figure 6.25: FFT analysis of 33 kV output current at 4 seconds and 9 seconds respectively

6.2.7Conclusions

This section presented the small-signal voltage stability analysis of the STATCOM-Grid
interaction concerning a 150 MVA STATCOM connected via a 400 MVA three-phase-
three-winding step-up transformer and 400 km double circuit overhead line. An stability
analysis is performed with the impedance-based method using either the FD-model or the
π-model of overhead line. It is found that, when the overhead line is represented by the
π-model, more pessimistic results can be derived from the impedance-based analysis leading
to a conservative PLL controller design (i.e. poorer transient performance). Moreover,
the case study demonstrates that the STATCOM will emit negative resistance in the
inductive operationmode and could potentially cause harmonic instability, where the control
of VSC negatively interacts with the grid resonance points. Time domain simulations
in EMTDCTM/PSCADTM has validated the critical stability point as predicted by the
impedance-based method using the FD-model.
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Figure 6.26: Time domain simulation results in PSCAD/EMTDC - (a) 33 kV voltage
waveforms (b) 33 kV current waveforms (c) Zoom-in of 33 kV voltage waveforms at 4 seconds
(d) Zoom-in of 33 kV current waveform at 4 seconds (e) Zoom-in of 33 kV voltage at 4 seconds
(f ) Zoom-in of 33 kV current at 9 seconds
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6.3 Harmonic resonance analysis of UFCS grid integration

Plug-in Electric Vehicle (PEV) is gaining steadily preference among consumers as they offer
economically viable and environmentally friendly transportation solutions when compared
to their gasoline powered counterparts. Despite improved travel range offered by popular
PEV models (e.g. Tesla Model S, Nissan Leaf, General Motor Bolt etc.) the battery charging
facility nowadays does not offer the same level of convenience for the PEV owners as oppose
to the extensive gasoline station network. Even though the level 1 household plug can easily
refill the battery over the night, it does not offer the PEV owner the freedom for long distance
travel and range anxiety free feeling. BMW research project Mini E conducted in the cities
of Los Angeles, Berlin, and London [131] confirms that the public charging infrastructure
such as the ultra-fast charging station (UFCS) plays a key role in the development of the
electromobility and transition towards E-mobility travel routine. In a report [132] revealing
the historical lessons learnt fromNorwegian experience in the deployment of electric vehicle,
a decent charging station network coverage has been identified as the main enabler for the
adoption of PEV.Therefore, the availability of UFCS is not only a technical prerequisite but
also a key enabler for the consumer acceptance to bring the electric mobility to the next level.

Recognizing the need for UFCS, numerous literatures investigated the methodology to find
the optimal UFCS locations taking into account the spatial and temporal transportation
behavior [133], the service range in combination with the power network constraint [134]
[135], and the installation cost in specific cases such as Barcelona [136] and Iran [137].
While the optimal location of UFCS present only one side of the equation, the successful
deployment of UFCS highly depends on the existing grid hosting capability since the UFCS
provides level 3 off-board DC charging slot (output power range from 90kW to 240kW)
as specified by the Association of Automotive Engineers (SAE) imposing potential risk of
congestion and violation of voltage in the local medium voltage (MV) grid. Stochastic
load flow is the typical approach to identify the potential grid voltage profile violation and
component overloading in the UFCS integration study as elaborated in [138] [139] [140]
[141] [142]. Two case study on the Italian MV distribution network is presented in [143]
[144] suggesting viable mitigationmeasures such as anUFCSwith stationary battery storage.
Next to the static analysis for the integration of UFCS, the transient dynamic analysis of
UFCS grid integration is also studied in the [145] [146]. Despite a paper found on the power
quality issues of UFCS, it is only limited to the typical North American residential building
level power quality improvement using the UFCS as an innovative multilevel transformerless
Hybrid Series Active Filter [147].

The previous literature and research of UFCS has mainly focused on addressing the hosting
capacity issues of the integration of the UFCS in the electrical power system. Since the
impact of UFCS on theMV grid harmonic resonance is not addressed in previous literatures,
it hence deserves a detailed investigation. This study case focuses on the input admittance
modelling of UFCS with an AFE in the harmonic resonance study and provide additional
system impact analysis via a study case of MV grid in Bronsbergen, the Netherlands.
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6.3.1UFCS Topology and Model

A vast amount of Innovative UFCS converter topologies are offered on the market [148].
When the AFE is directly coupled to the MV grid, the three level neutral point clamp [149],
the cascaded H-bridge [150], the matrix [151] inverter topologies are as active front end
whilst galvanic isolation is provided by a dual-active bridge DC/DC stage interfaced to the
PEV battery. When the galvanic isolation is provided by a low frequency MV/LV power
transformer, a 2-level AFE is a common design approach [152] [153]. To ease the impact
of UFCS surge current on the power grid, stationary battery storage provides the necessary
buffer [154] [155] [148] with possible application specific bundling options such as: the
superconducting magnetic energy storage [156], the flywheel [157], and the supercapacitor
bank [158]. This study is not exhaustive on all UFCS topologies. To illustrate the impact
of a typical future UFCS on the power grid resonance behaviour, a simple 2-level AFE with
stationary battery storage topology has been chosen for this study due to its maturity for
mass production. Fig. 6.27 demonstrates the generic UFCS topology for this study, where
the active front end (1MW) is coupled to the MV grid via a 10/0.4 kV transformer, while
each level 3 charging slot (250 kW x 4) is connected to the UFCS DC link via a DC/DC
converter which provides the electrical isolation. The stationary battery storage device is
then connected to the UFCSDC link via a dedicated DC/DC converter to provide electrical
isolation and reduce the static impact (power grid congestion, component overloading etc.)
of UFCS on the local MV grid. The main control and electrical parameter chosen for the
1MW UFCS AFE is shown in the Table. 6.10.

Figure 6.27: Typical UFCS topology with 2-level active front end and stationary battery storage
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Figure 6.28: UFCS 2 level active front end with simplified DC circuit

Table 6.10: VSC Converter Design Parameters

Parameter Value Unit
Rated Power, Sr 1000 kW
DC Link Voltage, Vdc 800 Volts
DC Link Capacitor, Cdc 20 mF
AC line-line voltage, Vrms 400 Volts
Inverter Side Inductor, L1 100 µH
Resistance of L1, R1 0.001 Ohm
Grid Side Inductor, L2 48.5 µH
Resistance of L2, R2 0.001 Ohm
Filter Capacitor, Cf 400 µF
ESR of Cf , Rf 0.01 Ohm
Sampling Time, Ts 100 µs
Switching Frequency, fsw 5000 Hertz
PR Proportional Gain,Kp 1 p.u.
PR Integral Gain, Ki 250 p.u.
PR Bandwidth, ωc 2 p.u.
DC Proportional Gain,Kpvdc

1 p.u.
DC Integral Gain,Kivdc

100 p.u.
Q Proportional Gain, KpQ

1 p.u.
Q Integral Gain, KiQ 100 p.u.
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6.3.2 VSC model for harmonic analysis

The frequency domain approach is proposed to represent VSC devices with its input
admittance characteristics as seen from the AC grid. Early papers published on the frequency
domain input admittance representation of VSC devices have proven to be effective, as the
theoretical calculation demonstrates close agreement with the laboratory scale experimental
setup validation results. [159] presents the input admittance derivation of a single-phase
inverter using only PI control for the inner current control loop, while [105] advances
the analysis to consider a typical three-phase, grid-connected VSC with the typical dq
synchronous frame control strategy for its inner current control loop. [106] and [160] further
elaborate on the influence of a PLL in the determination of the VSC input admittance
characteristic. For the analysis of a UFCS, when its PLL is designed with typical low
bandwidth or implemented as the DSOGI-PLL, the non-linear effect of the PLL on the
grid side VSC input admittance characteristics can be omitted without causing significant
errors as substantiated in Chapter 5. Therefore in the study case, the input admittance
characteristics can be calculated via the analytical transfer function derivation without
considering the PLL effect. For the VSC converter, its inner current loop transfer function
with PLL impact can be represented as Fig. 6.29 [160]:

Figure 6.29: VSC closed-loop continuous transfer function diagram

Converter Impedance Model without PLL Effect

The transfer function without considering the PLL impact can be first shown as in Fig.6.30:

For its closed-loop transfer function, the following equations can be written:

− vfYip(s)− iinvGic(s)Gd(s)Yop(s) = iinv (6.28)

− iinv − iinvGic(s)Gd(s)Yop = vfYip(s) (6.29)



178 Chapter 6: Case Studies

Figure 6.30: VSC closed-loop continuous transfer function diagram without PLL impact

The input admittance of a VSC can be determined by solving (6.28) and (6.29) for
Gtcl(s) =

vf
−iinv

, when the current control reference is not changed (i.e. iref∗
dq

= 0)

and PLL effect is not considered (i.e. ∆θ = 0):

Gtcl(s) =
vf

−iinv
|
∆θ=0,iref∗

dq
=0

=
Gic(s)Gd(s)Yop(s) + 1

Yip(s)
(6.30)

Gic(s) depicts the proportional resonance controller in the s-domain :

Gic(s) = Kp +
2Kiωc

s2 + 2ωcs+ ω2
o

(6.31)

Gd(s) indicates one an half sampling cycle delay caused by the digital computation and the
PWM zero-order hold effect respectively [90]:

Gd(s) = e−1.5Tss (6.32)

Yip(s) and Yop(s) are the passive input and output admittances of the inverter side inductor:

Yip(s) = Yop(s) =
1

L1s+R1
(6.33)

Applying the parameters fromTable 6.10, then the VSC input admittanceGtcl(s), shown as
Norton equivalent, can be plotted in a Bode diagram (Fig. 6.31(a)), where the inverter side
inductor and the VSC control is shown in blue and inverter side passive inductor frequency
characteristic alone is shown in orange. The harmonic current emission from the UFCS on
the inverter side of inductor is taken from the PSCAD simulation and shown in Fig. 6.31(b),
where the dominant switching harmonics are shown at the side-bands the integer multiples
of the PWM switching frequency (i.e. 5 kHz = 100th harmonic order).
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Figure 6.31: Converter harmonic model for steady-state harmonic interaction study - (a) Bode
diagram comparison between pure passive inductor and passive inductor plus active inner
control loop (b) Harmonic current emission from the UFCS in percentage to the fundamental
nominal current
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Norton equivalent impedance verification

To verify the effectiveness of the small-signal input admittance derived analytically from the
previous section, an experimental set-up is proposed as shown in Fig. 6.32. One power
amplifier acts as Device Under Test (DUT) and the other power amplifier is programmed
as a three-phase voltage source. The Power Hardware in the Loop (PHIL) setup in DNV
GL Flexible Power Grid Lab (FPGL) is made up of 200 kVA EGSTON digital power
amplifier, and the OPAL-RT OP5707 real-time digital simulator (includes Xilinx Virtex-
7 FPGA VC707). The digital power amplifier from EGSTON consists of four groups of
four single-phase amplifiers (i.e. 16 amplifiers) with a total rated power of 200 kVA and a
closed-loop bandwidth of 5 kHz. Each individual digital power amplifier is realized by six
interleaved, parallel, half-bridge converter, with an equivalent switching frequency of 125
kHz. For the closed-loop PHIL setup, a high-speed SFP communication link is established
between OPAL-RT and Egston. Every 4 us, current and voltage measurements are read back
from the digital amplifier output terminal to the OPAL-RT, whilst the voltage and current
control signal set-point are sent to EGSTON digital I/O box. A host PC is connected via
asynchronous Ethernet to the OPAL-RT target PC. As an example, a back-to-back PHIL
setup can be realized by short-circuiting the terminal of two digital power amplifier’s output
as shown in Fig. 6.32, where one is controlled as a three-phase voltage source and the other
is controlled as a three-phase current source.

Two of the four amplifier groups are utilized as shown in Fig. 6.33, where one acts as the
ideal voltage source behind the short-circuit impedance (i.e. L2 = 6.34mH inductor)
emulating the power grid while the other one acts as the three-phase grid-connected VSC
output smoothing inductor (L1 = 1mH inductor). A closed-loop Alternative Voltage
Controller (AVC) is assigned to regulate the three-phase voltage source taking input signal
vg calculated from the OPAL-RT. A closed-loop Alternative Current Controller (ACC) is
assigned to regulate the output current (i.e. ia, ib, ic) by controlling the terminal voltage
vinv . The Point of Connection (POC) is marked in the Fig. 6.33, where the PLL senses the
three-phase voltage (i.e. va, vb, vc) and generates the phase angle information for the grid
synchronization. The ACC is designed in the synchronous dq-frame with the PI controller
for the output current regulation, two sets of controller parameters, as shown in Table 6.11,
are used for the verification of the small-signal input admittance of the emulated VSC.

The verification is only performed on the 5th and 7th harmonic since they represented
predominant low order background harmonic distortion in the power system supply
voltage. 6% 5th harmonic and 5% 7th supply voltage distortion are superimposed on the
fundamental frequency component, simulating severe background voltage distortion as per
maximum limits defined in the EN 50160. The measured current emission is shown in
Fig. 6.34 and compared to the calculated current emission applying the analytically derived
Norton equivalent circuit. Fig. 6.34(a) and Fig. 6.34(b) demonstrate a close match of the
measured current emission as a result of the background voltage distortion compared to the
calculated current emission using the small-signal input admittance. The small discrepancy
between the calculated and measured value can be attributed to the small-signal nature of the
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Figure 6.32: EGSTON Power Hardware in the Loop (PHIL) setup in DNV GL

derived input admittance. The supply voltage distortion at the POC point and the derived
input admittance are summarized in the Table 6.11.
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Figure 6.33: UFCS input admittance validation setup

Table 6.11: Experimental setup parameters

Parameter Value Unit
I - Kp PR Proportional Gain 10.47 Ω
I - Ki PR Integral Gain 5483 Ω/s
II -Kp PR Proportional Gain 4.19 Ω
II -Ki PR Integral Gain 877.3 Ω/s
Peak voltage at POC (Volts) Set I Set II
5th 21.82∠6o 6.98∠0o

7th 10.22∠5o 4.46∠− 201o

Input admittance (Ω) Set I Set II
5th 10.10− j3.60 3.44 + j0.81
7th 10.09− j1.84 3.44 + j1.49
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Figure 6.34: Converter harmonic model for steady-state harmonic interaction study - (a)
Parameter set I (b) Parameter set II
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6.3.3Harmonic Resonance Analysis in Dutch MV Grid

Following the input admittance validation from the previous section, a typical Dutch MV
grid in Bronsbergen (Fig. 6.35) operated by Alliander (Dutch DNO) has been selected
for the case study to reveal the potential harmonic resonance risk in the case of massive
UFCS grid integration. The UFCSs are connected at the MV bus 12 (Roelofs), where its
downstream LV grid is represented in detail.

The impedance sweep is calculated at MV bus 12 (Roelofs) for two scenarios: base case
without UFCS connection, 10 UFCS connections with the converter harmonic model.
Fig. 6.36 presents the results of the impedance sweep (blue-base case without the UFCS
connection, red-10 UFCS connections with the converter harmonic model). It is clear from
the impedance sweep results that the original network resonance point (i.e 1600 Hz) will
shift towards 1250 Hz as a result of the UFCS connections despite of a positively damped
resonance peak, thanks to the wide control bandwidth of the UFCSs. The new harmonics
resonance point at 1250 Hz can be triggered by the characteristic harmonics produced by
the a 12 pulse variable speed drive.

To illustrate this point, a 12 pulse variable speed drive harmonic current profile was taken
from field measurement (as shown in Fig. 6.37). An Ideal current source, representing the
harmonic profile of 10 such 12 pulse variable speed drives, are connected via a 10/0.4 kV
transformer to the MV grid (blue dashed line in Fig. 6.35).

The harmonic voltage distortion results at the MV bus 12 (Roelofs) shown in Fig. 6.38
demonstrates that the characteristic current emission from the 12 pulse variable speed drives
are amplified by 300% in the case where the massive UFCSs integration has taken place (blue
bar in Fig. 6.38) when compared to the base case value (red bar in Fig. 6.38). Henceforth,
when it comes to the future integration of the UFCSs, DNO is advised to assess the new
grid resonance point as a result of the UFCSs grid integration, and it is of high importance
to shift the new grid resonance point away from the characteristic harmonic emissions (e.g.
5th, 7th, 1th ,13th, 23th, 25th etc).

6.3.4Conclusions

This section discussed a harmonic resonance risk when a VSC based power converter, such
as a UFCS, is introduced in a MV grid. The massive integration of UFCS in the future can
possibly shift the original network frequency to a point that coincides with the characteristic
harmonics emission from typical device, such as a 12 pulse motor-drive, as illustrated in this
Dutch MV grid case study. The proposed converter harmonic model, compared to the ideal
current source approach, delivers a higher level of insight for the DNO.
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Figure 6.35: Single line diagram of the 10kV Bronsbergen MV network
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Figure 6.36: Frequency sweep results at MV bus 12 (Roelofs) with and without UFCS
connections
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Figure 6.37: 12 pulse variable speed motor drive harmonic current emission taken from
measurement Inom = 250 Amps

Figure 6.38: Harmonic voltage distortion at MV bus 12 (Roelofs) with and without UFCS
connections



7
Summary, Conclusions and

Recommendations

7.1 Summary

This thesis investigated the impact of a high penetration level of grid-connected VSCs,
typically two-level, on the power system. A summary of each chapter is listed:

• Chapter 2 described the operating principles of a type-4 wind turbine generator, a
solar PV generator, a battery energy storage system, and an EV ultra-fast charging
station. A generic, grid-connected, two-level, VSC circuit design has been derived
and used for the modeling, design, and analysis in the consecutive chapters. (Answer
to the research sub-question 1)

• Chapter 3 continued with an elaboration on the modeling principles of the generic,
grid-connected, two-level, VSC.When modelling the VSC, since the VSC AC output
filter model is continuous, converting the time-discrete power electronics circuitry
into the time-continuous system is favored over the data-sampled system approach.
A small-signal Linear Time Invariant (LTI) system has been derived for the generic,
grid-connected, two-level, VSC applying the state-space averaging method and the
Taylor series linearization method. (Answer to the research sub-question 2)

187
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• Chapter 4 discussed the control of the generic, grid-connected, two-level, VSC. First,
the phase-locked loop (PLL), a popular grid voltage synchronization technique, is
introduced for the three-phase VSC. The performance of the Synchronous Reference
Frame (SRF)-PLL, the Double Dual Synchronous Reference Frame (DDSRF)-PLL,
the Dual Second Order Generalized Integrator (DSOGI)-PLL, and the DSOGI-FLL
are studied under three power system cases:

– Case I - a severe power system supply voltage background distortion: 6% 5th

harmonic, 5% 7th harmonic, 3.5% 11th harmonic, 3% 13th harmonic as per
the maximum limits set in EN 50160.

– Case II - a single-phase-to-ground-fault.

– Case III - a fast Rate of Change of Frequency (ROCOF) with a slope rate of 10
Hz/s.

From the time domain simulation results, it has been shown that the DSOGI-PLL
offers the best performance. The DSOGI-FLL, however, represents an alternative
grid synchronization technique using the frequency instead of the typical phase
angle information. It should be noted that the frequency variable is less prone to
the transient events in comparison to the phase angle variable, especially under the
transient fault conditions. the frequency will change as the inertia of the system
deteriorates (also see case III).

• Chapter 4 further elaborated the principles of the inner Alternating Current Control
(ACC) for both the Inverter-side Current Control (ICC) and the Grid-side Current
Control (GCC) when the PLL accurately tracks the phase angle of the grid. The
closed-loop small-signal transfer function diagrams of the ICC and GCC schemes
are illustrated and the small-signal stability has been evaluated by applying the
Nyquist Stability Criteria (NSC) to the open-loop gain. The inherent critical stability
frequency fs/6 is revealed taking into account the synchronous PWM sampling. The
stable operating region of the ICC and the GCC schemes are summarized below:

– Considering no Active Damping (AD), the ICC scheme is inherently stable
with the LCL resonance frequency in range (0, fs/6) and the GCC scheme
is inherently stable with the LCL resonance frequency in range (fs/6, fs/2).

– AD can be implemented to extend the stable operating regions of both the ICC
and the GCC schemes. In the case of the ICC scheme with the AD, the inherent
stable operating region can be extended to also above fs/6. In the case of the
GCC scheme with the AD, the inherent stable operating region can be extended
to also below fs/6.

While the application of the NSC to the open-loop gain is useful for the small-signal
stability analysis of a grid-connected VSC, the impedance-based stability method
provides an equivalent analytical method. The impedance-based stability method
applying the generalized NSC allowed a complex grid impedance to be obtained
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from the frequency sweep instead of explicitly expressing its transfer function in the
s-domain. Additionally, the impedance-based stability method can assess the overall
system stability at the point of interest by deriving the input admittances of the VSCs
independently and evaluating the impedance ratio eigen values accordingly. Due to
the aforementioned benefits of the impedance-based stability method, it is identified
as a simple yet effective technique for the small-signal stability analysis of multiple
VSCs connected within the vicinity of each other. (Answer to research the sub-
question 3)

• Chapter 5 introduced the impedance-based stability method and experimentally
validated the method for both the single VSC setup and the double VSC setup.
Experimental results found close matches with the analytical prediction found using
the impedance-based stability method. (Answer to research the sub-question 4)

• Chapter 6 concluded the impact of two-level VSC-based power electronics on the
power system in three study cases, namely: the frequency stability in the Bonaire island
power system; the voltage stability in the grid - STATCOM interaction in a weak
transmission grid; the harmonic resonance analysis of a massive UFCS integration
into the Dutch MV grid. (Answer to research the sub-question 5)

Built upon the work presented, the contributions and the conclusions of this thesis are drawn
in Sections 7.2 and 7.3.

7.2 Thesis contributions

The contributions of this thesis can be summarized as follows:

• This thesis has presented the design constraints in the selection of the PLL controller
bandwidth. While the upper limit of the PLL controller bandwidth can be determined
by considering the small-signal voltage stability, especially in the weak grid condition,
the lower limit of the PLL controller bandwidth can be determined by considering
possible future fast ROCOF events, as can be expected with a high penetration level
of renewables.

• This thesis has identified a voltage stability risk when the grid-connected VSC is
consuming reactive power from the power grid. The PLL impedance-shaping effect
has been found to be operating point dependent and identified as a dominant
contributor to the small-signal voltage stability, especially under the weak grid
conditions. The controller bandwidth of the PLL and the current set-points together
determine the magnitude of the equivalent negative resistance.

• This thesis has proven that increasing the bandwidth of the ACC of the grid-connected
VSC can improve the power system voltage stability in a weak grid condition. From
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the input admittance point of view, the increase of the ACC bandwidth produces
positive resistive damping that offsets the negative impact as a result of the PLL
impedance-shaping effect in the generation mode and the STATCOM inductive
mode. However the increase of ACC bandwidth can be anti-intuitive since the
typical controller design approach aims for the conservative controller parameters
compromising the transient dynamics in exchange for the overall stable operation.
Since the power electronics controller should be able to work in all the grid conditions,
increasing ACC controller bandwidth should be done with care and checked against
the strong grid condition for the small-signal voltage stability.

• The thesis has shown that the Norton equivalent model considering the ACC and
PLL impedance shaping effect in the equivalent impedance, accurately represents the
wide bandwidth frequency behavior of the typical two-level, grid connected VSC. In
the low-frequency range, in which the PLL controller is active, the Norton equivalent
impedance is set-point dependent and can be represented as a 2 × 2 Multi-Input-
Multi-Output (MIMO) complex space impedance matrix. In the dq-frame, the non-
diagonal element of the 2×2MIMO complex space impedance matrix represents the
cross-coupling between the positive sequence and the negative sequence impedance.
In the αβ-frame, the non-diagonal element of the 2 × 2 MIMO complex space
impedance matrix indicates the cross-frequency coupling of the frequency dependent
impedance across 100 Hz. In the mid-frequency range, in which the ACC controller
is active, the Norton equivalent impedance is no longer set-point dependent and can
be represented as a Single-Input-Single-Output (SISO) capacitive impedance with
a positive resistive damping. Outside the active frequency range of the ACC, the
frequency response of the Norton equivalent impedance is dictated by the inductor
with an additional positive resistive damping as a result of the skin-effect.

7.3 Conclusions

7.3.1 Frequency stability impact

With the increasing penetration level of VSC-based renewable energy sources, such as wind
and solar, the overall power system inertia will decrease, resulting in a reduced frequency
stability margin. Concluded from this thesis, the impact of the VSCs’ control on the power
system frequency stability can be summarized as follows:

• For the fast ROCOF event caused by a fault, a VSC with a slow PLL dynamics
delivers less active power to the grid causing an increased power unbalance and a
lower frequency nadir, while it consumes additional reactive power during the fault
hindering the system voltage recovery.



7.3: Conclusions 191

• The design of the grid-connected VSC inertia emulation and the fast frequency
support functions should consider the trade-off between a high PLL bandwidth for
a faster transient dynamics and a low PLL bandwidth for the stable operation of the
VSC in the weak grid condition.

7.3.2 Voltage stability impact

The impact of the VSC-based application on the power system voltage stability can be
categorized into the high frequency voltage oscillations (i.e. the strong grid condition) and
the low frequency voltage oscillations (i.e. the weak grid condition):

• In the strong grid condition, the grid-connected VSC can cause small-signal voltage
instability when its digital delay is adversely interacting with the impedance resonance
point formulated by the LCL filter and the equivalent grid impedance.

• Active damping is an effective method to improve the phase margin of the small-signal
voltage stability.

• In the weak grid condition, the PLL of the grid-connected VSC is identified as a
dominant contributor to the small-signal voltage.

– The PLL impedance-shaping effect is operating points dependent. In the
generation mode and the STATCOM inductive mode, the PLL has been shown
to introduce an equivalent negative resistance that can potentially cause the
small-signal voltage instability at higher current set-points. In the capacitive
mode and active load mode, the PLL did not adversely impact the small-signal
voltage stability.

– The controller bandwidth of the PLL and the current set-point are determining
the magnitude of the equivalent negative resistance in the generation mode and
the STATCOM inductive mode of the VSC operation.

• In the weak grid condition, the increased penetration level of the two-level VSC
connected renewable generation can lead to the small-signal voltage instability due
to the cumulative effect of the respective controllers on the power system.

• In the weak grid condition, increasing the ACC controller bandwidth of the VSC can
effectively offset the negative impact brought about by the PLL and improve the phase
margin of the overall voltage stability.

7.3.3 Steady-state harmonics impact

The impact of the two-level VSC control on the power system steady-state harmonics can
be concluded as follows:
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• The VSCs’ control can influence the network impedance resonance point and
cause characteristic harmonic current emission, emitted by other power electronics
applications, to be amplified.

• The VSCs’ control will add resistive damping, determined by the ACC controller, to
the power system and reduce the impedance resonance peak amplitude.

• The VSCs’ control will generate both high and low order harmonic current emissions
and thereby contribute to the background supply voltage harmonic distortions.

7.4 Recommendations

Considering the main conclusions summarized in Section 7.3, the following recommenda-
tions are formulated to guide future research in the area of the impact of the Voltage Source
Converters’ control on the power system.

Primary and secondary harmonic emission separation

With the application of the Norton equivalent model (also referred to as the converter
harmonic model in this thesis), the VSCs’ control is properly considered for the harmonic
propagation study as opposed to the ideal current source approach. The converter harmonic
model allowed identification of the harmonic emission as a result of the background
voltage distortion and potentially offered the opportunity to separate the primary harmonic
emissions (i.e. due to the VSC application itself in an ideal grid condition) and the
secondary harmonic emissions (i.e. as a result of background supply voltage distortion). It is
recommended to continue the research on the use of converter harmonic model to separate
the primary and secondary current harmonic emissions of the grid-connected VSCs.

Input admittance considering outer-loops

The input admittance of the VSC considering the ACC and the PLL effects is derived in this
thesis taking the assumption that the outer-loop will cause negligible impact on the current
set-point change. The assumption is valid as long as the outer-loop bandwidth is kept low.
In the future, it is necessary to expand the input admittance by including the active power
control/DC link control and reactive power control/voltage control.

Dynamic hosting capacity

In Chapter 5, the total active power output from two VSCs was strongly reduced - when
compared to a single VSC using the same ACC and PLL controller parameters - in order not
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to invoke voltage instability of the power system. Recognizing the impact of the VSC on
the voltage stability of the power system, it is recommended to define the dynamic hosting
capacity for a region where multiple VSCs are connected within the vicinity of each other.

Harmonic state-space model of VSC

The HSS model framework [38], originally created for the study of rotor blades of
helicopters, is a promising method for the investigation of power electronics, where the
dynamics of the DC link and the frequency cross-coupling effects needs to be considered.
For the modeling of the MMC-VSC, it is recommended to use the HSS method for the
stability analysis by considering the power electronics as a small-signal linear time periodic
system, instead of the method proposed in this thesis for two-level VSCs that is only valid if
the DC link dynamics equals to zero.
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A
Phase Locked Loop

The theory part of the three-phase DDSRF-PLL, the DSOGI-PLL, and the DSOGI-FLL
are treated.

A.1 Three-phase DDSRF-PLL

In response to the performance deficiencies identified for the SRF-PLL under the
background voltage distortion, especially the 100 Hz oscillation under the single-phase-to-
ground fault condition, several innovative SRF-PLL concepts [52–73] with advanced input
filters have been proposed. Among them, the Decoupled Double Synchronous Reference
Frame PLL(DDSRF-PLL) [73] deserves most attention for its capability to completely
eliminate the 100 Hz oscillation under the single-phase-to-ground fault condition. This
section introduces the operating principle of the DDSRF-PLL.

DDSRF-PLL uses two SRFs rotating at the same angular speed but in opposite direction
and a cross-feedback structure to extract and separate the fundamental frequency positive
sequence and negative sequence components. Assuming balanced three-phase voltages,
comprising of mainly fundamental frequency positive and negative sequence components,
the time varying complex space voltage vectors can be written with the summation of their
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sequence components by applying the Clark transformation:

vαβ = v+1
αβ + v−1

αβ = V +1

[
cos(ωt+ θ+1)
sin(ωt+ θ+1)

]
+ V −1

[
cos(−ωt+ θ−1)
sin(−ωt+ θ−1)

] (A.1)

One can then transform αβ to dq frame by using the Park transformation. The dq signals
on the positive and negative reference frames then become:

v+1
dq = V +1

[
cos(θ+1)
sin(θ+1)

]
+ V −1

[
cos(2ωt) sin(2ωt)
−sin(2ωt) cos(2ωt)

] [
cos(θ−1)
sin(θ−1)

]
v−1
dq = V −1

[
cos(θ−1)
sin(θ−1)

]
+ V +1

[
cos(2ωt) −sin(2ωt)
sin(2ωt) cos(2ωt)

] [
cos(θ+1)
sin(θ+1)

]
(A.2)

(A.2) can be simplified by defining [T+2
dq ] and [T−2

dq ]T as:

[T+2
dq ] = [T−2

dq ]T =

[
cos(2ωt) sin(2ωt)
−sin(2ωt) cos(2ωt)

]
(A.3)

Substituting (A.3) into (A.2) gives:

v+1
dq =

[
v+1
d

v+1
q

]
= v+1

dq + [T+2
dq ]v−1

dq

v−1
dq =

[
v−1
d

v−1
q

]
= v−1

dq + [T−2
dq ]v+1

dq

(A.4)

where v+1
dq and v−1

dq are filtered dq-frame voltage outputs from the positive rotating SRF-PLL
and the negative rotating SRF-PLL, respectively.

The decoupling network of the DDSRF-PLL completely eliminates the oscillations at 2ω
on the dq+1 and dq−1 reference frame signals. However, it is limited with regards to the
low-order harmonics distortion rejection and the detection of sequence component at the
frequency other than 50Hz. To cope with the shortcomings of theDDSRF-PLL, an adaptive
filters based on the second-order generalized integrator is applied, which will be explained
further in the Section A.2 and Section A.3.
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Figure A.1: Schematic diagram of DDSRF-PLL

A.2 Three-phase DSOGI-PLL

DSOGI-PLL is a scalable PLL structure that can efficiently extract sequence components
from the distorted three-phase signals without introducing any phase lag. In principle,
the DSOGI-PLL can be considered as a basic SRF-PLL with a band-passed input filter
implemented by the DSOGI structure, as shown in Fig. A.2. In this section, the operating
principle of the DSOGI-PLL is introduced first supported by simulation results.

In Fig. A.2, v and v′ are input and output signals of the QSG-SOGI bandpass filter. ω̂1 is
the estimated frequency while ω1 is the frequency feed-forward constant. vα and vβ are the
time varying complex space voltage vectors after the Clark transformation of the three-phase
balanced voltage variables, namely va, vb, vc. qv′,qv′α, and qv′β are in-quadrature signals
with respective to their input to the QSG-SOGI. V̂ and θ̂ are estimated voltage magnitude
and phase angle, respectively. k in the QSG-SOGI is the damping factor that determines
the bandwidth of the QSG-SOGI.

A voltage vector vabc with unbalanced three-phase voltage variables, they can be separated
into instantaneous positive, negative and zero sequence components: vabc = v+1

abc + v−1
abc +



214 Chapter A: Phase Locked Loop

++

+-

++

+- +
- ×

×

QSG-SOGI

QSG-SOGI

QSG-SOGI

SOGI

Figure A.2: Schematic diagram of DSOGI-PLL

v0abc. The individual sequence components can be derived as follows:

v+1
abc = [T+]vabc =

1

3

 1 a a2

a2 1 a
a a2 1

vavb
vc


v−1
abc = [T−]vabc =

1

3

 1 a2 a
a 1 a2

a2 a 1

vavb
vc


v0abc = [T0]vabc =

1

3

1 1 1
1 1 1
1 1 1

vavb
vc


(A.5)

where a and a2 are phase rotation operators, i.e. a = ej
2π
3 , a2 = ej

4π
3 . For a three-

phase, three-wire, balanced power system (i.e. va(t) + vb(t) + vc(t) = 0 ), the grid
voltage consist of only positive and negative sequence components. Furthermore, applying
the Clark transformation matrix T32 and its inverse T−1

32 , the sequence components on the
αβ reference frame can be expressed as follows:

v+αβ = T32[T+]vabc = T32[T+]T−1
32 vαβ

v−αβ = T32[T−]vabc = T32[T−]T−1
32 vαβ

(A.6)

(A.6) can be further reduced to:

v+αβ = [T+
αβ ]vαβ ; [T

+
αβ ] =

1

2

[
1 −q
q 1

]
v−αβ = [T−

αβ ]vαβ ; [T
−
αβ ] =

1

2

[
1 q
−q 1

] (A.7)
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where q = e−j π
2 is a 90◦ lagging phase shifting operator. The Second-order generalized

integrator (SOGI) is a technique to implement reliable QSG without phase lag. In the
dual SOGI (DSOGI), the operator q is derived by using the second-order adaptive filter
based on a SOGI (SOGI-QSG), which is an effective solution to obtain a set of two in-
quadrature output signals from a given sinusoidal input signal. Moreover, the bandpass
filtering characteristic of the SOGI-QSG efficiently attenuates the harmonic distortion
outside the narrow resonance frequency bandwidth.

A.3 Three-phase DSOGI-FLL

The DSOGI based input bandpass filter uses the Generalized Integrator (GI). A current
controller using SOGI in the αβ-frame, also known as the Proportional Resonance (PR)
controller, is equivalent to the PI controller in the dq-frame [161]. Unlike the PI controller,
which requires accurate phase angle information for the grid synchronization and decoupled
current control, the PR controller only requires a frequency input. The Frequency-Locked
Loop (FLL) is first proposed in [77] as shown in Fig. A.3. The upper part is the same as
that of the DSOGI-PLL (see Fig. A.2). The lower right-hand side illustrates the working
principle of the FLL, which utilizes the product of the error signal εv and the quadrature
output signal qv

′
from the two QSG-SOGI.

Figure A.3: Schematic diagram of the DSOGI-FLL

The transfer function from the input signal v to the error signal εv , i.e. E(s), is given by:

E(s) =
εv
v
(s) =

s2 + ω̂2
1

s2 + kω̂1s+ ω̂2
1

(A.8)



where k is the damping factor, and ω̂1 is the resonance frequency. Similarly, the transfer
function from the input signal v to the error signal qv′ can be written as:

Q(s) =
qv′

v
(s) =

kω̂2
1

s2 + kω̂1s+ ω̂2
1

(A.9)

Plotting both E(s) and Q(s) in the Bode diagram results in Fig. A.4. It indicates the
magnitude and phase in response to the frequency ω. It can be observed that the signal εv
and qv′ are in phase (i.e. εf > 0) when the frequencyω is below the resonance frequency ω̂1.
When the frequency ω is above the resonance frequency ω1, input signal εv and qv′ are 180
degree out of phase (i.e. εf < 0). As a result, a negative input gain with an integral can null
the DC component and adapt the SOGI resonance frequency ω̂1 to the input frequency ω.
It should be noted that by the proper selection of gain constant γ, the DSOGI-FLL represent
a first order control system, while the typical PLL structure is a second order control system.
Therefore, in the case of a fast ROCOF, a constant steady-state error of the frequency output
is expected for the DSOGI-FLL.

Figure A.4: Bode diagram of DSOGI-FLL error and quadrature output transfer function E(s)
and Q(s)
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DDSRF Decoupled Double Synchronous Reference Frame

DFIG Doubly-Fed Induction Generator

DFT Discrete Fourier Transform

DSOGI Double Second Order Generalized Integrator

DTC Direct Torque Control
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QSG Quadrature Signal Generator
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SSA State-Space Averaging

STATCOM Static Synchronous Compensator

TEPCO Tokyo Electric Power Company
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V I Voltage and Current

V OC Voltage Oriented Control

V SC Voltage Sourced Converter

ZCD Zero Crossing Detection

ZOH Zero Order Hold



List of Indices

∗ Set-point
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1, 2, h Harmonic orders (e.g. 1=base frequency, h=hth harmonic
component)

αβ α-axis and β-axis of the stationary-frame

a, b, c Phases of the three-phase system

bess Battery energy storage system

ca, cb, cc Phases of the filter capacitor voltage

cf Filter capacitor

conj Complex conjugate

d, q d-axis and q-axis of the synchronous-frame
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EV Electric vehicle charging system

ff Feed-forward

g Grid

gen Wind turbine electrical generator

i, j, k Integer counters

inv Inverter

off Off-time within a switching period

on On-time within a switching period

pcc Point of Common Coupling

poc Point of Coupling

pv Solar photo-voltaic

ref Reference

sw switching



List of Variables

α Maximum of the electrical circuit time constant

λ Tip speed ratio

λ1(s), λ2(s) Eigen values of the transfer function matrix

〈∗〉0 Variable retaining only the DC-term within a defined period

〈∗〉h Variable retaining only the h-order harmonic within a
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T−1
32 The inverse Clark transformation matrix

T32 The Clark transformation matrix

Tr2s The inverse Park transformation matrix

Ts2r The Park transformation matrix

ω Angular velocity

ωs Sampling frequency angular velocity

ωbw Controller bandwidth
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Ωgen Wind turbine generator angular velocity
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εf Frequency error
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ξ Controller damping factor
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C Capacitor
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