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Abstract

To decarbonise the electricity sector, power systems are facing a significant transition
to converter-dominated systems with higher penetration of renewable energy generations
to replace conventional power generations using synchronous generators (SGs), changing
the characteristics of power grid. Unlike SGs, power electronic converters do not contain
rotating mechanical components. Accordingly, the mechanical properties owned by SGs
will not be exhibited in the future power system, which can result in various issues in
term of power system stability and the ability of faults and disturbances ride through. As
power electronic converters are used to interface renewable resources with the power grid,
they rely on the control dynamics and algorithms to maintain the entire system power
balance and stability. However, there are lots of different control requirements
considering the various grid conditions, including weak and strong grid connection,
islanding, symmetrical and asymmetrical AC faults, which brings a big challenge for the
control design of the power electronic converters. This thesis proposes a universal grid-
forming (GFM) VSC (Voltage source converter) control for future power system with

consideration to the corresponding various grid conditions.

In this thesis, the control of grid-following (GFL) and GFM converters are reviewed
firstly. The GFL control usually contributes to the regulation of active and reactive power
output by injecting current through a vector current controller at a given phase. The grid
phase is tracked by using a phase-locked loop (PLL) at all times. Different outer controller
can be applied for different control purposes such as active power and voltage control.
The GFL converters are predominantly applied in present renewable power generations,
due to the capability in handing transient current during large transient events, precise
control of current and good control dynamics, etc. However, as the GFL converters cannot
regulate the system voltage and frequency directly, which makes them lack the capability
of islanded operation. In addition, another constraint comes along with the use of vector
current controller that causes the risk of instability on a weak grid. Intrinsically different
from the GFL converters, the GFM converters use voltage regulation as the inner loop
combined with power droop controller as the outer loop, to actively control their voltage
and frequency outputs for the aim of voltage support. Hence, the GFM converters have



the ability to work stably on islanding network, as well as weak grid connection network.
However, the most common issue for GFM converters is the absence of effective current

control loop, which limits their overcurrent capability.

To synthesise the advantages of both GFM and GFL converters, a universal GFM VSC
control is proposed. A direct voltage control in the dq reference frame is combined with
a frequency droop control to regulate the AC voltage and frequency. Hence, the VSC has
the capability of handling islanded operation. To ensure a stable grid connected operation,
an adaptive power droop control is added as the outer loop to regulate the power
exchanged between the converter and grid. A universal current limit control is also
developed to limit the overcurrent and share the active and reactive current on both grid

connection and islanding networks.

In order to enable the ability of asymmetrical faults ride-through, the GFM VSC control
is built in double synchronous frames to enable independent control of positive- and
negative-sequence components. An enhanced AC fault current control that employs both
positive- and negative-sequence current control is proposed. An additional voltage
balancing control is also developed to retain the AC voltage controller for fault current
limiting. By applying this controller, the general fault current limiting, dq current
distribution and negative-sequence current control when required can be achieved on a

weak grid connection.

Finally, small signal analysis is carried out to compare the stability of the GFM and
GFL VSCs on weak networks. The impedance-based method is adopted to derive the
admittances of the VSCs and connected grid in the positive- and negative-sequence (pn)
reference frame. Time-domain simulations are also performed to verify the accuracy of
the small signal admittances. Stability improvement with the GFM VSC on a very weak

grid is validated.
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Chapter 1 Introduction

1.1 Renewable energy development

The greenhouse gas (GHG) emissions and dependency on fossil fuels lead to global
warming, which adversely impacts the climate, ecosystem and health of people.
Meanwhile, the overuse of fossil fuels has led to global energy crisis. With the intense
negotiations and successful conclusions of the 2022 United Nations Climate Change
Conference (COP27) in Egypt, all participated countries reaffirmed the Glasgow Climate
Pact to limit global warming to around 1.5 °C in reach [1]. To achieve this goal, countries
are aimed to cut GHG emissions in half by 2030 and reach net zero by 2050, which
requires the rapid development and deployment of clean energy, especially renewable
energy. Renewable capacity grew 5% averagely per year during 2009-2019 [2], and is
expected to grow by almost 2400 GW over 2022-2027, equivalent to the entire current
installed capacity in China [3]. With the global electricity demand rising, the electricity
sector is being the first sector to be decarbonised [4]. The electricity sector takes a steady
increasing share of the global energy supply, rising from 19% in 2010 to 23% in 2020 [2].
The sufficiently fast increase of renewable electricity generation is driving down the need
of fossil fuels contributed to power [5]. As of 2022, nearly one-third of the global
electricity production was contributed from renewable energy [6]. Since renewable
energy is the only source of electricity generation that is expected to grow, it is seen to
overtake coal as the largest source of global electricity generation by early 2025, and the
share is forecast to reach 38% in 2027 [3].

Fig. 1.1 displays the progress towards renewable energy source targets for the
European Union (EU). As seen, the renewable energy share had more than doubled
between 2005 and 2022, while the share of total final energy consumption from renewable
sources in the EU was maintained at 22% between 2020 and 2021. The EU increased the
binding goal of the share of total final energy consumption from renewable sources from
the existing 32% up to 42.5% by 2030 [7]. To meet this goal, the European energy system

requires a deep and fast transition to renewable energy dominated system.
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Fig. 1.1 Progress of installed power towards renewable energy source targets for EU [7]

Among all renewable energy sources, wind and solar energy have been the most
reliable and rapidly exploited due to the lower cost and easy obtainment. In 2022, wind
and solar achieves record growth, reaching 12% share of the global electricity generation
in total [4]. According to the report of [3], global wind and solar PV (photovoltaic)
capacity are forecast to grow by 570 GW and 1500 GW by 2027 respectively to make
electricity from wind and solar PV reach 20% share of global power generation. For wind
energy, it was the first time that the global capital expenditures committed to wind power
exceeded the investment in fossil fuels in 2020 [8]. The installed wind power energy
capacity for several representative countries is shown in Fig. 1.2. The installed wind
power global capacity rose up to 825 GW in 2021, which was led by a dramatic leap in
China as well as a significant jump in the United States [8]. The installed solar power
energy capacities for several representative countries are shown in Fig. 1.3. As seen,
China has led the world in the installed capacity since 2015, followed by the United States
which outstripped Germany with a big jump in 2017.
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Fig. 1.2 Installed wind power capacity [9]
300 GW China
250 GW
200 GW
150 GW
f
100 GW United States
Germany
India
S0 GW France
Spain
United Kingdom
0GW =2=F Denmark
1997 2005 2010 2015 2021

Fig. 1.3 Installed solar power capacity [9]
1.2 Future power system challenges

With the world moving to carbon neutrality, new technologies regarding the use of the
increasing penetration of renewable energy, including generation, consumption, power
transmission and distribution, and network topology, etc. need to be developed and

understood in terms of their impact on the power system. There are several key issues to



be resolved considering the increasing demand from the utilities for more efficient, stable
and reliable power systems.

1.2.1 Converter-dominated network

The conventional power generation plants in the existing power systems use
synchronous generators (SGs) to connect to the rest of the system. However, renewable
energy resources, especially wind and solar, utilise fundamentally different technologies
for energy conversion and interfacing to the power system. All solar and most wind
turbines are connected to the power grid through power electronic converters [10], [11].

Hence, the future power systems will be converter-dominated.

A power electronic converter consists of a variety of configurations of power switches
and passive components, and a control system [12]. The control system establishes the
gating signal for semiconductor switches through a proper control scheme to accomplish
the energy conversion. Hence, an effective control system is required to regulate the
energy flow from the generation source to the AC network. In contrast to SGs, power
electronic converters are strictly electronic and do not contain any mechanical
components [10]. As a result, they do not inherently provide the physical properties of
SGs used in conventional power generations. This will arise a series of issues, including
inertia and frequency stability, system strength and voltage stability, islanded operation,
fault and disturbance ride-through.

Voltage source converter (VSC) technology is the most extensive solution for
connecting renewable energy generation to power grid [13], [14]. Fig. 1.4 displays the
structure of IGBT valves based two-level VSC. A typical VSC system operates at a high
switching frequency by using pulse width modulation (PWM) to allow the conversion
between DC and AC while maintaining a constant polarity of the DC voltage [15], [16].
The direction of power flow can be changed by reversing the direction of the current. It

should be noted that all the converters in the rest of this thesis refer to VVSCs.
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Fig. 1.4 Structure of a two-level VSC

SGs used for conventional power plants are interconnected through transmission and
distribution system to provide reliability of electricity supply [10]. Hence, the existing
AC power systems largely rely on the physical support of SGs to provide grid stability.
However, to decarbonise the electricity sector, renewable energy resources with electric
energy storage are rapidly developed and deployed for power generation, while
conventional power plants using SGs are being decommissioned. As renewable energy
generation is electronically coupled [17], the control design of the power electronics
converters is crucial for the stability of future networks [18]. Renewable energy
generation is required to control the system voltage and frequency, ride through faults
and disturbances, whereas seamless transition from grid connected mode to islanded
mode may also be required for some applications. Although renewable energy resources
are usually connected to the power system through multiple AC-DC (e.g., wind energy),
DC-DC (e.g., solar energy) and DC-AC converters, the main focus in this thesis is on the
final stage that converts DC power to grid-compatible AC power (inverter-based resource

or converter-interfaced generation) which interacts with the AC power system directly.
1.2.2 Power system stability

As aforementioned, with the large amounts of SGs being replaced by power electronic
converters, the future power system will be the converter-dominated. Unlike SGs, power
electronic converters do not contain mechanical components, e.g., stationary stator and
rotating rotor. Accordingly, the mechanical properties owned by SGs will not be exhibited

in the future power system. In additional, the dynamic responses of power electronic



converters are also different from SGs [19]. Eventually, it can often raise issues related
to the power system stability in terms of frequency stability, voltage stability, rotor angle

stability, resonance stability and converter-driven stability.
A. Frequency stability

At the view of physics, SGs can provide mechanical inertia on its rotating mass. The
frequency stability relies on the total amount of mechanical inertia and speed
regulation/frequency modulation control of SGs in the network. However, the input
power of the prime mover is almost decoupled from the output electromechanical power
of the grid side resulted from the interface of power electronic converters, which makes
the power electronic converters do not own the traditional inertial response characteristics
based on rotational kinetic energy [19]. Hence, system frequency stability problems can

be arisen.

Specifically, when a grid disturbance occurs, the inertia slows down the frequency
deviation and the kinetic energy stored in the rotating mass is released before the prime
frequency controller to activate to limit the frequency deviation. Hence, the displacement
of SGs with power electronic converters in future power system can result in high rate of
change of frequency (ROCOF) and large frequency deviation (high frequency nadir) to
be followed by tripping of relay and unintentional load shedding [20], which requires a

fast acting controller to arrest frequency drop as soon as possible [21].
B. Voltage stability

It is essential to maintain voltages at all buses at the acceptable levels for a power
system [10].Hence, the voltage stability can also be challenged due to the displacement
of SGs in the future power system, reducing the amount of available voltage sources and
reactive power capability. In this context, the voltage support given by the SGs is
decreased, which stresses the voltage stability at all buses of the grid [22]. Consequently,
voltage collapse can be caused by the reactive power instabilities. The voltage instability

issues can be more obvious and severe during weak grids.



Since renewable generation units are usually located far from the main AC grid in order
to achieve abundant wind and sun [23], [24], [25], high impedance can occur in the grid
with long electric power transmission distance, which can lead to larger voltage dips with
massive active and reactive power flow [26]. Typically, grid strength is defined by Short
Circuit Ratio (SCR) as [27], [28]:

1

SCR=r-— (1.2)

sp.u.

where Z  represents the grid impedance seen at the point of common coupling (PCC).

With consideration of (1.1), the grid with high impedance corresponds to a low SCR and
vice versa. The AC grid is classified to be “weak” with an SCR lower than 3, while it is
defined to be “very weak” with an SCR lower than 2 [29], [30]. Hence, a long
transmission distance can lead the interfaced grid to be weak, while a weak grid is more
vulnerable to a sudden change (e.g., power, voltage and frequency) in operating
conditions. In contrast, a strong AC grid has a more robust capability of withstanding any
sudden changes in operating conditions [28], [31], [32]. SGs in conventional power grid
can enhance the system strength locally [33], while with fewer SGs connected in the

future, it will arise system instability issues.

As aforementioned, the future power systems will tend to be weak with reduced SGs
and long transmission distance. In this context, the small signal stability may be a problem
for the power electronic converters, which requires further analysis and investigation. The

detailed assessment on the small signal stability studies will be introduced in Section 2.3.
C. Rotor angle stability

Rotor angle stability is the ability of SGs (or generation sources) to maintain rotor angle
(also known as power angle) within stable boundaries to stay stable and remain in
synchronism when disturbances occurs [10], [26], [34]. If the electromechanical torque
vector is equal in magnitude but opposite in direction to the mechanical torque generated
by the prime mover, the machine is staying in synchronism [21]. The high-penetration of

power electronic converters rapidly changes the transmission system loading patterns,



which can influence the system synchronising torque [35], [36]. In addition, the risks of
power oscillation can appear locally, and hence severely damage the SGs [26].

D. Resonance stability

The resonance occurs generally when the energy exchange takes periodically in the
form of oscillations [21]. It normally appears with two categories, i.e., torsional resonance
and electrical resonance. The torsional resonance refers to the oscillatory instability that
is caused by the torsional interactions between the mechanical system of the rotating
component and the electrical power grid with the series compensated lines and other
converter-based equipment [19]. These oscillations are mainly sub-synchronous
oscillations (SSR) that can be poorly damped or undamped, which can threaten the
mechanical integrity of the generator shaft [21]. Electrical resonance refers to
electromagnetic oscillations due to the dynamic interaction between the power electronic
converters and power grid in a purely electrical sense [19]. These oscillations are mainly
classified into self-excitation SSR that appears when the series capacitor with the
effective inductance of the induction generator forms a resonant circuit at sub-
synchronous frequencies, and the net apparent resistance of the circuit is negative at these

frequencies [21].
E. Converter-driven stability

As introduced previously, the dynamic response of future power system with high
penetration of power electronic converters is intrinsically different from the conventional
power grid with SGs. The power electronic converters rely on their control loops at fast
response times. In this context, the wide timescale control dynamics of the power
electronic converters can lead to cross-couplings with both the electromechanical
dynamics of the machine and the electromagnetic transients of the power grid, resulting
in unstable oscillations of the power system over a wide frequency range [37]. With
higher penetration of power electronic converters, the corresponding issue can be more
severe. Specifically, high-frequency oscillations can be resulted from the mutual

interaction between the control loops of the grid connected converters, while low-



frequency oscillations can appear by multiple forms of interaction between the control
loops of the converters and other system components [21].

1.2.3 Islanded operation

In the event of disturbances from the main grid, such as long-time voltage dip, severe
AC faults and so on, a part of isolated network may have the possibility to be disconnected
from the main AC grid to avoid further deterioration and become a detached portion to
ensure a high reliability level, which is recognised as an island [38], [39]. As power
systems become much more distributed considering the dispersion of renewable energy
in nature, many more electrical islands can exist potentially. On grid connected operation,
the system dynamics are largely fixed by the connected AC grid [38], with the voltage
and frequency imposed by the main grid. However, when the power network becomes
islanding, the system dynamics will be dependent on the generation units, control systems
and load characteristics, and are normally required to regulate voltage and frequency for
the power network [38]. Hence, the power converter needs to establish its own voltage
and frequency to feed the local loads. As a result, the amount of the power generation will
depend on the demand of the local load. Last but not least, the control system has to ensure

smooth and seamless transition from grid connected operation to islanded operation.

1.2.4 Overcurrent protection

Additional challenge due to the displacement of SGs is the overcurrent protection issue,
as SGs have the capability of producing up to 6-7 times rated current during faults. Unlike
traditional SGs, power electronic converters respond very differently to faults [17], and
can typically only supply overcurrent of 1.2 to 1.5 pu due to the thermal limits of
semiconductors, insulation levels or internal protection methods [26], [40], [41]. In the
event of disturbances or faults, converters have to react quickly, and the output current
must be limited under an acceptable level by additional current control loop to prevent
damage to semiconductor devices. Another problem comes out of the control of active
and reactive currents during different AC faults. In order to remain connected to the main
grid during a transient event, the electronic converters are expected to inject active and

reactive currents according to the requirements in grid code to support system during and



after fault. On the other hand, during islanded operation, the injection of active and
reactive current is determined by the local loads during a disturbance, which is completely
different to grid connected operation. Hence, a universal current limiting controller is
distinctly important for the converter-dominated renewable energy generation systems to

maintain system stability on both grid connected and islanded operation.

In addition, the response of additional current limit controller to a network fault is very
much dependent on the type of fault, such as symmetrical and asymmetrical faults [17].
The performance of the controller may experience a degradation during asymmetrical
faults [42]. In this context, unbalanced fault currents not only increase voltage unbalance
at the PCC, but also adversely affect the converter performance of fault current limiting
and voltage regulation during asymmetrical faults. As a result, overcurrent stress or
current harmonics might be the main concerns, which must be carefully considered [43],
[44]. Thus, converters must provide effective and flexible AC fault current limit control
mechanisms. Last but not least, the converters have to provide the capability of restoring

normal operation quickly after the clearance of the fault.
1.3 Scope of the thesis

1.3.1 Research motivations

As discussed previously, the conventional power plants in the existing AC power
systems largely rely on the physical characteristics of SGs to support the grid. However,
renewable resources are coupled to the grid through power electronic converters. Hence,
with higher penetration of renewable energy, SGs used in conventional power plants will
be gradually replaced by power electronic converters. Consequently, this will bring new
challenges and risks for future power systems with fewer or even none SGs and more
power electronic converters, which must be taken into consideration as follows [11], [45],
[46]:

e Fewer SGs in the power network can reduce the level of total system inertia.
Consequently, the response of the system under large disturbances can be
significantly affected, and the system frequency stability will be exacerbated
without proper control in place.

10



e SGs can enhance grid strength locally. Hence, fewer SGs result in a decline of the
system strength, which greatly challenges the system voltage stability.

e A large presence of SGs can inherently slow down the system dynamic changes.
With the replacement of SGs by power electronic converters, system dynamic
changes become significantly faster, which brings more difficulties for converters
to adequately synchronise with the system. In addition, the controllers of converters
must respond more robustly to the system with faster dynamics.

e SGs can safely provide a very high fault current for a short period during a fault.
Unlike SGs, power electronic converters can only provide a limited overcurrent
level, which requires an effective current control in place to protect the

semiconductors.

To cope with the problems brought by the displacement of SGs with converter-
connected renewable generations, it is necessary to build a robust control system for the
converters to ensure the continuity, quality and reliability of power supply for the power
system. Existing power electronic converters used for renewable generations are mostly
operating as GFL converters that track the voltage angle of the connected grid to control
their outputs [33], [47]. However, the GFL converters are typically based on vector
current controller, which relies on stiff external AC voltages which are usually provided
by SGs. As a result, the GFLs may become unstable when the power network becomes
weak or islanding. Even with fast frequency and voltage support, the frequency and
voltage regulations are still dependant on the services from the remaining SGs [47]. In
addition, the system stability can be further deteriorated and wide-band frequency
oscillation can be induced when connecting to weak grids [48]. In recent years, the
concept of “grid-forming” has been more popular and feasible for VSCs, which is
considered as the key for the future power systems with high renewable penetration [33].
In contrast to GFL converters, GFM converters actively control the frequency and output
voltage to improve the stability of converter-dominated power systems [49]. The
desirable functionalities of GFM converters can be expressed as follows [33]:

e GFM converters can work as AC voltage sources to support the operation of the

connected network with respect to its internal physical limitations, while it works
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autonomously to provide voltage and frequency for the system when the network
becomes islanding.

e Unlike SGs, the GFM converter can operate stably on a defined minimum system
strength. When the connected grid is weak or very weak, the GFM converter has
the capability of supporting the grid and other GFL converters connected in the
grid.

e During transient events, the GFM converter can provide a specific operation with
respect to its own limits. Once the grid returns to its normal condition, the GFM

converter restores its normal operation quickly and autonomously.

Currently, the existing GFM converters, operating as voltage sources rather than
current sources, mainly focus on the establishment of frequency and voltage for the power
system, which results in certain limitation that the converter output current is not well
regulated during large transients. Consequently, it brings challenges for the GFM
converters to limit and control the current during abnormal grid conditions, such as
external AC faults and overloaded operation, etc. Another type of GFM converter is based
on the emulation of the inertial response like conventional SGs. This method helps
enhance the system stability but fails to take advantage of the naturally fast response of
VSCs to improve system dynamics [47].

Thus, this thesis aims to investigate the control and operation of GFM VSC under
various grid conditions including normal grid, weak grid, islanding, overload and
different external AC faults (grid connection and islanding, symmetrical and
asymmetrical). This thesis mainly focuses on the development of control methods for the
GFM VSC to ensure secure and reliable operations under various grid conditions
mentioned previously. Small signal models will also be developed to for the system

stability analysis.
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1.3.2 Research contributions

The main contributions of this thesis can be summarised as follows:

General GFL and GFM control strategies are investigated to analyse the
performance and operation under different grid conditions.

A universal GFM control strategy is proposed for the VSC to provide stable and
robust operations on both grid connected and islanded operation. The converter
works as a controlled AC voltage source to regulate the active and reactive power
flowing to the grid and local load on grid connected mode, while it establishes the
voltage and frequency during islanded mode. With a proposed current limit control,
the universal GFM VSC has the capability of effective fault current limiting and
distribution of active and reactive current on both grid connected and islanded
operation.

The GFM control strategy is improved with an enhanced AC fault current limit
control scheme built on double synchronous frames for the VSC to ensure stable
operation when connected to a weak grid. With a negative-sequence current
controller, the VSC has the capability of dealing with asymmetrical AC faults and
can restore normal operation quickly.

Small signal models of the GFM and GFL VSCs are developed to conduct the
impedance-based stability analysis when the converters are connected to weak
networks. The admittances in the pn reference frame are derived to simplify the
analysis. Based on the admittances in the pn reference frame, the GFM VSC is
proved to operate more stably, and have the ability to support the operations of the
GFL VSC on weak networks with specified SCRs.

1.3.3 Thesis organisations

This thesis is organised as follows:

In Chapter 2, a comprehensive assessment of GFM control methods is stated. To
enable GFM converters with the overcurrent capability, multiple current limiting
techniques are introduced. To compare the small signal stability between the GFM

and GFL converters, two stability assessment methods are also briefly reviewed.
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In Chapter 3, the control of GFM and GFL converter are studied. For the
conventional GFL converter, the modelling and basic control schemes including
PLL, vector current control and different outer control are introduced. For the
typical GFM converter, the modelling and control schemes including power droop
and voltage control are discussed. Simulations in MATLAB/Simulink are then
carried out to validate the operations of conventional GFM and GFL control
strategies.

In Chapter 4, the overall control requirements for a universal GFM VSC are
presented. The universal GFM control scheme, including GFM direct voltage
control, adaptive power droop control, PLL, frequency droop control, is developed
for the converter operating on both grid connection and islanding networks. An
additional current limit controller is added to ensure the VSC to have the ability of
fault ride-through for both grid connected and islanded operation. Simulation
results in MATLAB/Simulink environment are used to verify the proposed control
strategy under different grid conditions.

In Chapter 5, a GFM VSC with an enhanced AC fault current limit control is
developed to enable the converter to operate during symmetrical and asymmetrical
faults. The control scheme is built on double synchronous frames to realise the
separated control for positive- and negative-sequence voltage and current. The
enhanced fault current limiting method is proposed for the overall fault current
limiting and distribution of active and reactive current. To control the negative-
sequence component current and facilitate the detection of asymmetrical faults, a
negative-sequence current control scheme is also developed. Simulation results in
MATLAB/Simulink verify the feasibility and effectiveness of the proposed control
strategy under various fault conditions.

In Chapter 6, a small signal model of the GFM VSC connected to a weak network
is developed. Based on the developed small signal model, the total admittance
including the GFM controller, filter, transformer and grid impedance in the system
dq reference are derived. The admittance in the system dq reference frame is then
transformed to the admittance in the pn reference frame for further stability analysis.

Based on the obtained admittance, the stability improvement with the GFM VSC
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on weak networks is validated by using Nyquist stability criterion. The
effectiveness of the admittance derived by the small signal model is verified by the
time-domain simulations in MATLAB/Simulink.

In Chapter 7, the conclusions of the research are drawn and future work is

recommended.

15



Chapter 2 Literature Review

In this chapter, a comprehensive assessment of the GFM control methods is stated
firstly. To provide the ability of overcurrent protection for GFM converters, several
current limiting techniques are reviewed subsequently. Finally, two categories of stability
analysis approach including eigenvalue-based and impedance-based method are

discussed.
2.1 Control methods of GFM converters

As discussed in Chapter 1, the future power system will be converter-dominated with
high penetration of renewable energy generations. Broadly speaking, grid connected
power electronic converters can be divided into two categories depending on the
controllers and operations [10], [50], [51], i.e., GFL and GFM converters.

2.1.1 Comparison of GFL and GFM converters

A GFL converter has a control approach that regulates the power flowing to the
interfaced power grid by following an established external power system. At the core of
its operation, the converter is synchronised to external network voltage during operation,
which forms the concept of “grid-following”. Phase-locked loop (PLL) is normally
utilised for the estimation of the instantaneous voltage angle at the terminals to be
followed by GFL converters in real-time [10]. It is noticeable that GFL converters merely
perform as voltage-following current sources and rely on stiff external AC voltages that
maintain minimal amplitudes and frequency deviations [10], [47]. However, a stiff AC
voltage is traditionally based on the collective behaviours of the SGs in which the system
controllers and voltage regulating equipment provide a stiff voltage amplitude and
frequency at any point of the grid [10]. Hence, it becomes challenging for GFL converters
to maintain adequately voltage and frequency stability when the grid becomes weak with
less stable grid voltage. With further displacement of SGs, the system dynamic changes
become faster, which can result in the converters failing to adequately synchronise with
the grid, such that a small disturbance can lead to a significant performance reduction. To

address this issue, the converter control system is required to respond robustly and quickly
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in case of any output disturbance. Furthermore, it is difficult for GFL converters to fulfil
the requirements with the possibility for islanded operation in the future power system as

there will be no external grid voltage to follow during this period.

To address the above issues brought by GFL converters, it is necessary to develop
alternate converter control strategies to enable the transition to a converter-dominated
power system. In recent years, GFM converters, intrinsically different from GFL
converters, are seen as the key enablers for high renewable penetration in future power
systems [33]. GFM converters have a control approach that actively controls their voltage
and frequency outputs [47], [52], so as to form the grid voltage by the converters with
support of energy storage and reserve [53]. Depending on the conditions and
characteristics of the power systems, GFM converters can act as the slack-bus to establish
its own voltage and frequency for islanding networks, or a power source to provide
voltage and frequency support by adjusting the generated instantaneous active and
reactive power for connected AC grids. In addition, with active frequency control, the
dependence of the frequency dynamics on the mechanical inertia provided by SG can be
decreased [47].

Some type of GFM converters can create virtual inertia by emulating physical
phenomena through a special control design to enhance the dynamic response of the entire
power system. Due to the extra technical requirements and costs associated with GFM
converters [54], GFL and GFM converters will coexist in future power systems and hence,
GFM converters should undertake the responsibility to support the operation of the GFL

converters.
2.1.2 Conventional GFM control (self-synchronisation)

Conventional GFL converters use the PLL to synchronise with the grid. However, the
operation of PLL relies on a stiff external voltage. As discussed previously, the growing
displacement of SGs can deteriorate the operation of PLL. As investigated in [55], PLL
may bring positive feedback when the grid impedance is high, resulting in an unstable
system. Hence, many GFM converters remove PLL from their control schemes. The idea

of self-synchronised/conventional GFM control algorithm is to utilise active power-
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frequency and reactive power-voltage droop controllers to control the phase angle and
voltage [56], [57]. Examples of the characteristics of the droop controllers are depicted in

Fig. 2.1. Therein, @, and V° represent the nominal values of the frequency and voltage

magnitude, respectively.

QO
Fig. 2.1 Droop characteristics

Generally, the droop control mechanism regulates the active power by controlling the
angular speed (frequency), while the reactive power is regulated by controlling the
voltage amplitude. The droop controllers enable the converter to work on both grid
connected and islanded operation due to the set of voltage and frequency. Instead of using
PLL, the synchronisation algorithm is accomplished by the frequency-active power loop.
The detailed model and design of the GFM VSC with droop controllers to control the

voltage and phase angle will be discussed in Chapter 3.

As introduced in [53], the conventional droop control is improved to directly imitate
the control system of a SM, which is firstly referenced as “self-synchronisation”. The

control block diagram is depicted in Fig. 2.2 with the time constant of T_ and T, for the

low-pass filters. The reactive power loop produces the voltage reference V™ to be tracked
by the measured voltage V through a Pl regulator [53], while active power loop generates
the system angular frequency w to output the phase angle 6. As seen, an additional angle

feedback proportional to the active power deviation with a proportional gain k , is added

compared to the conventional droop control.
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Fig. 2.3 Rearranged diagram of self-synchronised droop control

By rearranging the control parameters, a control diagram similar to a 3rd-order SM
model discussed in [53] and [58] can be developed as shown in Fig. 2.3. The reactive
power-voltage loop is equivalent to the internal voltage loop composed of the excitation
voltage and reactive current with the reactive droop coefficient corresponding to
reactance difference between the synchronous and transient value. The time constant T,
corresponds to the open-circuit time delay. Likewise, the active power-frequency/angle

droop is equivalent to the model of swing equation with T_/k_ and 1/k corresponding

to the inertia constant and mechanical damping factor. Consequently, this method

19



provides adequate virtual inertia and damping to enhance the system stability and
transient performance compared to conventional droop control. In addition, for the
reactive power loop, the inner voltage controller may be removed, and then the
modulation voltage is simply given as V"2 8. On the contrary, the converter filter bus
voltage can track the voltage reference V£ with the inner voltage control loop. Despite
the increased complexity with the inner control loop, it still brings some merits, such as
improved control reliability and accuracy. However, the absence of effective current
control causes the converter to lack the capability of fault current limiting. Even with
instantaneous current limit control loops stated in [18], [42], [59], [60], [61], the output
can be distorted with high harmonic components due to crest clipping of the input
sinusoidal signal. Meanwhile, it is difficult to control the fault current considering the

requirement for fault detection during asymmetrical AC faults.
2.1.3 Virtual synchronous machine/generator (VSM/VSG) control

In conventional power systems, the major portion of electricity demand is supplied by
SGs that provide inherent inertia and damping properties to enhance system stability [62].
Thus, the most straightforward approach is to directly emulate the SG to apply virtual
machine algorithm in the controller of a converter, which forms the concept of virtual
synchronous machine/generator (VSM/VSG). The first concept of VSM is labelled as
VISMA in [63], which combines the dynamic converter technology and entire static and
dynamic properties of SMs. As shown in Fig. 2.4, the VISMA consists of generation units,
energy storage, a converter with SM model applied in the controller and a hysteresis
current controller. The voltage at the PCC is measured to feed the SM model which
performs the mathematical model of an electromechanical SM [64], [65], and then the
stator currents of the VSM are obtained. Subsequently, the calculated stator currents are
used as the reference current signals to compare with the measured phase currents by the
hysteresis controller for the purpose of generating the switch signals for the converter. It
is obvious that the VISMA’s performance is dependent on the reference/calculated
currents that come from the VSM model. Hence, the performance of the VISMA is
influenced by the modelling precision of the synchronous model directly [64]. Like SMs,

the VISMA adapts the reactive and active power flowing into the grid by adjusting the
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converter output voltage and frequency. However, the tuning for VISMA is extremely
difficult as it is a complex model. Meanwhile, the ability of the VISMA to damp

oscillations has still not fully explored [66].
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Fig. 2.4 Structure of the VISMA [67]

Another well-known method of VSM is the synchronverter in [68]. It also emulates the
behaviour of a SM by specifying the controller of the converter. Energy storage devices
are also necessary on the DC bus to ensure adequate power from the imaginary prime
mover and virtual inertia on the imaginary rotating mass. The control strategy is based on
the swing equation and mathematical equations for coupling the virtual rotor and stator
[53]. Active power is regulated by the frequency droop controller with the frequency
droop coefficient as the virtual mechanical friction coefficient, while reactive power is
regulated by the voltage droop controller with the voltage droop coefficient. There are
several further developments of synchronverter. In [69], a self-synchronverter is
developed to shorten the time of synchronisation and improves the accuracy of
synchronisation by taking away the dedicated synchronisation unit. To improve the
damping and dynamic response speed of the active power control, an auxiliary control
loop from the virtual flux to active power is added in [70]. All the synchronverter designs
inherit the advantages of SGs, but also have the disadvantages of SGs, e.g., loss of
stability due to lack of excitation and oscillations around the synchronous frequency [68].

21



Furthermore, the system inertia response can be deteriorated with the damping improved
[66].

Fig. 2.5 Diagram of VSM control technique

The most extensively utilised and promoted implementation of VSM/VSG is to
combine the swing equation with droop mechanism for inertia emulation, voltage and
frequency regulation, and synchronisation algorithm [71], [72], as shown in Fig. 2.5. As
seen, the active power loop emulates the inertia and mechanical damping of a traditional
SM, while the outer frequency droop control loop corresponds to the steady-state
characteristics of the speed governor of a traditional SM [72]. The reactive power-voltage
control loop mimics the excitation regulation function of a SM, which is supplemented
by an extra voltage loop to realise the droop characteristics between the voltage amplitude
and reactive power [73]. However, the same issues to the use of self-synchronised GFM
VSC occur due to the lack of current limiting control loop. In addition, the emulation of
virtual inertia means that the system does not take advantage of much faster converter

response to improve system dynamics [47].

22



2.1.4 Power synchronisation control

Another GFM technique is the so-called power synchronisation control as shown in
Fig. 2.6, which was firstly introduced in [74]. In essence, it is similar to the previous
described GFM designs that use voltage and angle to control the reactive and active power

directly as displayed in Fig. 2.7.
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Fig. 2.6 Diagram of VSC based on power synchronisation loop [74]
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Fig. 2.7 Diagram of power synchronisation control loop

With consideration to the angle regulation loop, it not only accomplishes the
synchronisation between the VSC and AC grid, but also acts as an active power control

loop. As for the voltage regulation loop, it has a droop characteristic due to the
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proportional controller [53], [74]. The VSC uses power synchronisation control performs
almost in the same way as a traditional SM. Hence, it provides sufficient voltage support
to improve the capability of power transfer on a weak grid. As the power synchronisation
control maintains synchronism by a transient power transfer, an unknown current
determined by the interconnecting network will be involved [74]. Hence, the power
synchronisation mechanism has conflicts with current control. To limit the current during
external AC faults, it switches to a current limitation controller to prevent the converter
form overcurrent damage. In this context, a backup PLL is switched in to keep the VSC
synchronising with the AC grid. However, such a control mode switching increases the
complexity of the system and may cause the system to be unstable. The detailed current

limiting control will be described in Section 2.3.
2.2 Current limiting control

For all the different control methods of GFM converters, the most common problem
facing them is the lack of capability of fault current limiting. Conventional GFL
converters have the ability to limit and control fault current due to the inherent internal
current control loop. Although GFM converters imitate the characteristics of SGs, they
are much more sensitive to transient disturbances due to limited overcurrent and
overvoltage capability of the semiconductor devices. However, GFM converters are
required to ride through network faults and large disturbances, while in the meantime,
provide grid support during such transient events. In order to protect the GFM from
overcurrent and ride through the transient disturbances, an additional current limiting
control loop is essential. Due to the existence of the additional current limiting control
loop, the response of the converter during an external AC fault is dependent on the type
of fault [17], such as faults during grid connection and islanding networks, symmetrical
and asymmetrical faults, etc. This brings a big challenge to assure fault-resiliency for the
GFM converters. There are several control strategies considering the fault current limiting

of GFM converters, which are reviewed in this subsection.
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2.2.1 General current limiting techniques

In this section, several current limiting techniques are discussed. The most
straightforward way is to switch the GFM control scheme to the GFL control scheme
once the current threshold is exceeded during a fault, e.g., the previously discussed power
synchronisation control [74]. In this scenario, the system loses all functionalities of GFM
and the outer power loop saturates. When the fault is cleared, it switches back to the GFM
control scheme. The method of control mode switching has also been applied for other
type of GFM converters, such as synchronverter [75], VSM [76], [77], and conventional
GFM [78], [79]. During a transient overcurrent event, the GFL control scheme controls
the current by limiting the current at a pre-designed value directly. However, this can
cause wind-up in the outer power loop [80]. Subsequently, the system can lose
synchronisation with the power network when the power angle exceeds the critical
clearing angle under the voltage sag, leading to instability. In addition, large transient
current may occur at the moment of the control mode switching, which can potentially

damage the semiconductor switches.

Another approach to deal with the overcurrent issue for GFM control is to employ
nested control loops (also named cascaded control loops) as shown in Fig. 2.8, which is
discussed in [81], [82]. The control plant can be perceived as two first-order systems [83].
The inner current control is used to control the converter output current via a P1 regulator.
The current reference generated by the voltage control loop is limited through a limiter to
avoid excessive fault current during an external AC fault as depicted in Fig. 2.8. The

current reference is given as:
_Ilim7 I"<-1
"= 1, otherwise (2.1)
I "> 1

IN

lim

lim? lim

where |, is the maximum permissible current threshold, which can be used to limit each

lim
phase independently. The controller can be applied in the natural abc frame [84], [85],
rotating o frame [41], [79], [86] and synchronous dq frame [17], [81], [82], [83], [87],

[88]. The nested control loops provide a relatively fast response. In addition, the transient
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response in the case of a load disturbance is further improved [83]. However, there are
still some weaknesses while applying this control scheme. A well-perceived weakness is
the risk of instability on weak grids [74], [89], since it assumes that the grid strength is
adequate and the impact of the converter to the grid is neglected [90], [91]. Such
assumption has been proved invalid due to the constraint of power flow and small signal
damping [90], [92], [93]. Furthermore, while the controller is applied in the abc or of

frame, distorted converter bridge current can be simultaneously generated, which
seriously affects the controllability of the system. Another weakness is resulted from the
saturation of voltage control loop during a fault, which also makes the converter lose all
the functionalities of the GFM control. In addition, the saturation of voltage control loop
can lead to postfault instability issue as the integral keeps accumulating errors and causes

wind-up during this period.

v*—»%)—» Pl —~— J(?—» Pl v
_Ilim
v

Fig. 2.8 Nested voltage and current control loops

To deal with the saturation of voltage control loop during faults, additional virtual
impedance can be employed to limit the voltage reference as investigated in [82], [84],
[86], [94]. The general principle of this method is to add a virtual impedance between the
converter and the grid once the converter output current exceeds a certain current
threshold 1, . The equivalent circuit of a GFM converter with the virtual impedance
current limiting strategy is depicted in Fig. 2.9. During an external fault, the virtual
impedance is inserted into the control system. The reference voltage applied to the

converter filter bus can be derived as follows:

VT=vi-zZ, (1-1,) (2.2)

where V™ is the original reference voltage and V™ is the corrected reference voltage by

the virtual impedance, while | refers to the actual current flow and Z,, represents the

inserted virtual impedance. Depending on the control requirements, the virtual impedance
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can be a pure resistance or reactance, or both. The control diagram is illustrated in Fig.
2.10. By reducing the voltage reference, it retains the voltage control loop, hence the
functionalities of the GFM control. However, the performance of this method is sensitive
to the grid impedance [79], [95]. In addition, the aforementioned risk of instability issue

on weak grids still exists as the inner current control is remained.

V** I|IITI I*
V' PI ;Q_’ Pl >V,
“Nim
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Fig. 2.10 Nested voltage and current control loops with virtual impedance

2.2.2 Unbalanced condition

The presence of unbalanced network condition (e.g., during asymmetrical faults) not
only gives rise to the output power fluctuation of the converter, but also increases the
output current harmonics and voltage distortion at the PCC if adequate converter control
is not in place. The current harmonics can significantly influence the reliability of the
system, while the power oscillations may affect the continuity of power supply [96].
According to [97], the majority of AC faults are unbalanced. During an asymmetrical AC
fault, negative-sequence current components will occur, so one solution is to control the
positive- and negative-sequence current components separately once an asymmetrical

fault is detected, which can be realised in the synchronous (dq) reference frame as
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displayed in Fig. 2.11 (a). The control design for inner current loop under asymmetrical
faults in the double decoupled dq reference frames is introduced in [40], [98], [99]. The
current references can be set as the requirements in the grid code. In this method, the
parameters of the PI regulators for the positive- and negative-sequence controllers can be
set individually, which provides sufficient control flexibility. However, PI regulators
have relatively poor capability of disturbance rejection [100], which makes the system
sensitive to any disturbance in the network. Due to the bandwidth limitation, the control
system will require additional low-pass filters to remove the low-order harmonics, which
can introduce a delay and make the control response sluggish during transients [101],
[102].

N
|

Idﬁ; Pl —>Vd;*
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|dq4>€;—> Pl >V, L,
lgq
(@) (b)

Fig. 2.11 Control architecture of current control: (a) double synchronous reference frame

(b) stationary reference frame

Besides the synchronous (dq) reference frame, the current control can also be designed
for the stationary (af ) reference frame under asymmetrical faults [96], [102], [103], as
shown in Fig. 2.11 (b). The converter current is transformed from the abc reference frame
to the stationary «f reference frame using Clarke transformation. Proportional-Resonant
(PR) regulators can be used to track the sinusoidal references with zero steady-state error
and disturbance rejection capability [104]. However, the parameters setting of the PR

regulator is complicated, which makes the parameters tuning extremely difficult.

During an asymmetrical fault, the required converter output voltage is the combination
of positive- and negative-sequence components generated by the corresponding current

controller. In this context, the converter output voltage may exceed the voltage limitation
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if trying to maintain the positive-sequence component voltage at the nominal value [105].
As a result, overvoltage issues on the healthy phases may occur while both positive- and
negative-sequence control loop will be saturated, which can lead to the over-modulation

behaviour of PWM to exacerbate the controllability and performance of converter.
2.3 Stability analysis

With the increasing penetration of renewable generation in the power system and more
complex control structures, the stability of the system is facing enormous challenges
[106]. As time domain simulations cannot reveal the insight of the impact of system
control and parameters on system stability [107], small signal model has become an
important and useful tool on system stability assessment. There are two widely used
stability analysis methods based on small signal model, i.e., eigenvalue-based analysis
method and impedance-based analysis method. Both methods can effectively determine
the stability of the system by covering the impact of dynamic controllers, grid impedance
and DC line impedance [108].

2.3.1 Eigenvalue-based analysis method

The eigenvalue-based analysis method is an approach that determines the stability of a
system regardless of the location of the source of instability [109]. It has been extensively
utilised to analyse the stability of wind turbine systems [110], and stability of HVDC
systems [106], [111], [112]. As power system is a typical nonlinear dynamic system, the
equations representing the system are linearised and expressed in state-space model with
consideration of a small disturbance [111]. By calculating the eigenvalues of the
linearised state-space model, the small signal stability of the system can be evaluated.
The impact of the system operating conditions and controllers’ parameters on system

dynamic performance can be analysed by observing the loci of the eigenvalues.

To compare GFM and GFL converters for a power system with high converter
penetration, an example by using eigenvalue-based small signal analysis method is
conducted in [47]. The system is modelled by a simple aggregated two-source reduced-
order power system model to investigate the interactions between a generator and a
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converter, as displayed in Fig. 2.12. The eigenvalue trajectories at varying converter
penetration levels for both GFL and GFM converters are depicted in Fig. 2.13.
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Fig. 2.12 Diagram of a two-source system model

*[202 . 3 PN
=03 /\ ; 90% 0% %, 10% 5t Y
@ o ~ g os! % \ ot . Aso 50
.8 {=0.1 ¥ / = —
g ;10% £ As9 g | pr——
5 STEF ST & T £ ol
e S et LLE né 0 ¢ CEENRIOEEROI0 O O O CE@0C O CHm. .DE-' o} SNy - - =
g H N
g \4& : Eos / i g
g o St o
\ 2 oo & \ 07
41=09 -¢° (=08 e
8 . L A i i L S| N . )
1 0.6 04 0.2 0 25 2 -1.5 -1 0.5 o -12 -10 -8 -8 -4 -2 1]
Real Parl(rad/s) Real Part(rad/s) Real Part(rad/s)

(a) (b) (c)

Fig. 2.13 Eigenvalues trajectories for varying penetration levels: (a) GFL converter, 10%
to 90% penetration (b) GFM converter, 10% to 50% penetration (¢) GFM converter, 50%
to 90% penetration [47]

For the case of the GFL converter in Fig. 2.13 (a), the eigenvalues begin to move to the
right with increase of the penetration level of the GFL converter, which indicates reduced
damping and deteriorating stability. For the case of the GFM converter in Fig. 2.13 (b)

and (c), the electromechanical modes 4,, become better damped, which indicates much

higher damping than that for the case of GFL converter. In this context, the system
dynamic performance is improved with the GFM converter. By comparing the results
shown in Fig. 2.13 (a), (b) and (c), the GFL converter negatively affects the system
eigenvalues, hence the system stability. The GFM converter has positive impact on the

system eigenvalues, hence the system stability.
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2.3.2 Impedance-based analysis method

Impedance-based stability analysis method has been firstly developed to evaluate the
interaction between a DC-DC converter and its input filter [113], and then became
popular for the stability analysis of grid-connected converters at the interfacing point to
the connected network [114], [115]. It partitions the system into a source and a load
subsystem, and then the small signal stability of the system can be analysed in application
of the Nyquist criterion to the ration between the source output impedance and the load
input impedance [114], [116], [117]. By applying impedance-based method, the measured
impedance essentially simulates all circuit components, including physical components
and control systems [118]. Furthermore, it conducts a way to study interaction points and

possibly undesirable operation by using easily measured quantities [119].

Converter Grid

Fig. 2.14 Impedance representation of a grid connected converter system

As shown in Fig. 2.14, the grid source is modelled by a Thevenin circuit as an ideal

voltage source V in series with a grid impedance Z, while the grid connected converter
is modelled by a Norton circuit in form of a current source |, in parallel with an output

impedance Z_ . This can be seen as a hybrid system consisting of a voltage source and a

current source [120]. The converter output current flowing into the grid can be obtained
by:

1L(9Z.(9)-V,(5) _[, (S)_Vs(s)}. L 3)

l(s) = Z.(5)+Z,(s) Z,(8) | 1+2,(5)1Z.(5)

For system stability analysis, the converter is assumed to be stable when the grid

impedance is zero and the grid voltage is stable without the converter [120]. Based on
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this assumption, the grid connected converter can operate stably if the impedance ratio
(loop gain) Z.(s)/Z.(s) satisfies the Nyquist stability criterion [113], [114], [120], [121].

This indicates that the output impedance is an important index for grid connected
converters at the view of system stability.
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Fig. 2.15 Configuration of the power-voltage control based GFM in weak grids [122]

To compare the GFL and GFM converter on a weak grid, the stability analysis using
dg impedance-based method is conducted in [122]. The system is modelled by a voltage
source converter connected to a weak grid (i.e., high grid impedance) through an LCL
filter, as illustrated in Fig. 2.15. The DC side is represented by a fixed DC voltage source
so the impact of the DC side is neglected. As seen, the GFM converter takes the power-

voltage control strategy, which adopts Pl regulators. G, (s) and G, (s) refer to the active
and reactive power controllers respectively, while G, (s) and G,,(s) represent the dg-

axes voltage controllers. For comparison, instead of the voltage control loop, the GFL
converter takes the power-current control strategy which employs conventional vector-

current control as the inner loop.
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Fig. 2.16 Nyquist plots on a weak grid with an SCR of 3 (a) GFL converter (b) GFM
converter [122]

The Nyquist plots of the GFM and GFL converter on a grid with an SCR of 3 are

displayed in Fig. 2.16. For the case of the GFL converter with power-current control in
Fig. 2.16 (a), the character loci 4, encircles (-1, 0) as the active power follow increases,
which indicates a unstable converter system with higher active power generation.
However, for the case of the GFM converter with power-voltage control in Fig. 2.16 (b),
neither of the character loci 4, and 4, encircles (-1, 0) with the increase of active power

flow, which indicates a stable system. Similar works have also been done to highlight the

reduced stability of GFL converters on weak grids in [123], [124].

Despite the improved stability brought by the integration of GFM converters compared
to GFL converters, GFM converters still suffer from stability issues. On a weak grid with
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a low SCR, there are still risks of the wideband oscillations in the voltage and current
waveforms that is around the grid fundamental frequency [125], [126]. On the other hand,
there are also small signal stability issues for the GFM converters when subjected to grid
disturbances on a strong grid [127]-[128]. On a strong grid, the biggest difficulty for the
GFM converters is to regulate the voltage at the PCC [48]. As a result, both sideband
oscillations (low-frequency oscillations) and synchronous oscillations (near nominal

frequency oscillations) can occur to deteriorate the system stability [37].
2.4 Summary and thesis contributions

This chapter reviews the future network challenges, GFM control methods, current
limiting control strategies and stability assessment methods. Different challenges and
requirements resulted from the converter-dominated network, i.e., frequency and voltage
stability, islanded operation and overcurrent protection, are reviewed. The GFM and GFL
converters are compared, and different GFM control strategies, i.e., self-synchronisation,
VSM/VSG and power synchronisation control, are introduced. Various current limiting
control methods including general overcurrent limiting and unbalanced current control
techniques are also discussed. In addition, to compare the GFM and GFL converters for
small signal stability, two assessment methods including eigenvalue-based and

impedance-based analysis methods are reviewed.
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Chapter 3 Control of grid-following and grid-forming

converter

Depending on the operation and control structure, power electronic converters can be
classified into two categories, i.e., GFL and GFM converter [10]. The GFL converter is
mainly designed to deliver active and reactive power into the AC grid, while the GFM
converter is controlled as an AC voltage source with the setting voltage magnitude and
frequency of the connected AC grid [50]. In this chapter, the modelling of grid connected
VSC is introduced. Based on the general model of grid connected VSC, the control
strategies of GFL and GFM converter are discussed. The feasibility and validity of the
control strategies are demonstrated by simulation results in MATLAB/Simulink

environment.

3.1 Modelling of grid connected VSC

3.1.1 General structure

Fig. 3.1 shows the simplified schematic diagram of a grid connected VSC. As this
thesis mainly focuses on the performance of the AC side, the impact of the DC side of the
VSC is assumed to be negligible, i.e., DC side is represented by a fixed DC voltage source.

As seen in Fig. 3.1, the VSC with a fixed DC voltage source is connected to an AC grid

having the grid impedance (inductance L, and resistance R;) through an LC filter
(reactance L, and capacitance C ) which is used to suppress the harmonics resulted from

the converter switching during operation [129]. A step-up transformer is used after the

LC filter to boost the converter output voltage to match the connected AC network.

Fig. 3.1 Schematic diagram of a grid connected VSC
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3.1.2 System model

The system model is built based on the part in the red box shown in Fig. 3.1, so the
equivalent AC circuit of the grid connected VSC in a rotating dq reference frame at the
angular speed of @ without considering the capacitor C , transformer and grid

impedance (R, and L,) can be shown in Fig. 3.2.
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Fig. 3.2 Equivalent circuit of the grid connected VSC

According to Kirchhoff’s Voltage Law (KVL), the relationship of the converter filter

bus voltage V., the converter output voltage V,

conv !

the converter output current |, and the

phase reactance L, in the model of Fig. 3.2 can be obtained as:

V., =V, +L, %+ jolL,, (3.1)

conv

Equation (3.1) can be expressed using dg-axes components as:

Voo Vg 0 -oL ||, Ly 0 |d]ly
=11+ + — (3.2)
Vconvq ch a)Lf o I Iq O Lf dt I Iq

where V,, and V,

conv

are the dg-axes converter output voltage, V,, and V,, are the dg-

onvq

axes converter filter bus voltage, 1, and I, are the dg-axes converter output currents.
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3.2 Control of GFL converter

Conventional GFL converters are used to deliver power to an energised AC grid, and

can be typically represented as controllable current sources with relatively high output-
impedance connected in parallel as shown in Fig. 3.3 [50]. As depicted in Fig. 3.3, P
and Q" refer to the active and reactive power reference for the GFL, respectively. To

ensure accurate power exchange between the converter and grid, the GFL must be
synchronised with the connected power network [50], [130], [131]. In this section, the

general control strategies of GFL converters are introduced.

Grid-following| |
Q———| converter

Fig. 3.3 Simplified representation of a GFL

3.2.1 Vector current control

According to (3.2), the converter output current |,,, can be regulated by the converter
output voltage V,,,q, through PI regulators, which describes the principle of the vector

current controller shown in Fig. 3.4 and can be expressed as:

Veod =Vea —@L¢ 1 +|:kpi (I;; - Ild)+kiiJ.(Ilii —ly )dt]

) ) (3.3)
Vg = Ve + 0L +[kpi (1 =)+ [ (1 - |Iq)dt]

where 1, and If; are the current orders which can be given by outer P and Q
controllers. k ; and k; are the proportional and integral gain of the PI regulator, which

may be designed using:
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k,=2LwL
{pl gtla)lf (34)

k, = o’L,

where & and o, are the damping ratio and natural frequency of the vector current
controller, respectively. The natural frequency @ for the vector current controller is

usually set from 207 to 407 rad/s, while the damping ratio & is normally set from 0.5 to

1.
Vcd
- i Vconvd
| Id kpi + ?
abc
ol
Ild >< f Vconv M abc PWM
I
5 ol ;
q
\Y/
* kii conv E
Ilq kpi + ?
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cq

Fig. 3.4 Control block diagram of vector current control

Referring to Fig. 3.4, the converter output voltage V,,,, needs to be transformed from

the dq reference frame into three-phase reference frame using inverse Park
Transformation stated in [12]. The modulation signal M. is then derived as [129], [132]:

Y/ Ve

M +-— 35
conv 2 ( )

abc —

As shown in Fig. 3.4, The active current I, and reactive current I, are controlled to

track their respective references by the PI regulators in the vector current controller. The
vector current control is broadly adopted for the power converters for connecting
renewable energy generation and energy storage system due to the sufficient capability
of overcurrent protection, precise control of instantaneous current waveforms and

extremely good dynamics [50], [133], [134]. It is commonly used as the inner controller.
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With additional outer controllers, the active and reactive power flowing into the AC grid
can be regulated, which will be introduced later in this section.

3.2.2 Phase-locked loop (PLL)

On grid connected operation, the estimation of the AC grid voltage properties, such as
voltage magnitude, frequency and phase angle, has to be precise to conduct an accurate
control of the active and reactive power flowing into the AC grid [50]. To synchronise
the power converters with the network in three-phase systems and to conduct the dq
transformation, the phase of the AC grid voltage is required, which is usually acquired by
using the phase-locked loop (PLL) [24], [50], [135], [136]. The block diagram of a normal
PLL is depicted in Fig. 3.5. The value of V,, reflects the angular position error of the d-
axis of the reference frame and the actual network voltage which will be explained
explicitly in Chapter 6, so the PI regulator shown in Fig. 3.5 will produce the frequency
deviation Aw compared to the rated (pre-set) frequency @, . Then the estimated grid

frequency w is obtained which generates the estimated phase angle € (equivalentto wt )
[50], [135].

ab cq
Vo>l o #>LP!

Fig. 3.5 Block diagram of PLL
3.2.3 Outer control

As aforementioned, the current orders for the vector current controller are usually
provided by outer controllers. For different applications, various approaches can be used.

In this subsection, the commonly used outer controllers are introduced.
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A. Power control

If active and reactive power are to be controlled, the dg-axes current orders can be
generated by the power controller. The active and reactive power generated from the VSC

calculated by the voltage and current in the dq reference frame can be given by:

3

P= E(vcd lig +Veglio) (3.6)
ng(chlld _Vcdllq) (37)

where P and Q are the measured active and reactive power, respectively. As the d-axis

converter filter bus voltage V,, is aligned with the actual grid voltage vector at the PCC

by PLL, the g-axis voltage V,, is equivalent to 0. Thus, (3.6) and (3.7) can be simplified

as:
3
P ZEVcd g (3.8)
3
Q :_Evcdllq (3-9)

Thus, the simplest method to provide the current orders for the vector current controller
is to directly calculate the current orders based on the given power orders, as:

*

* 2P
N == 3.10
. = (3.10)
. 2Q
I, =—— 3.11
Iq 3\/Cd ( )

where 1 and l,, are the active and reactive current order for the vector current controller,

respectively. P and Q" are the active and reactive power references, respectively.

Alternatively, close loop active and reactive power control using PI regulators can also
be implemented as [137]:
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iy =kpp (P"=P)+k, [(P"—P)dt (3.12)

*

i =k (Q7-Q) +k, [(Q-Q)at (3.13)
where k , and k;; are the proportional and integral gains of the PI regulator for active

power, whereas k , and k;, are the proportional and integral gains of the PI regulator for

reactive power.
B. AC voltage control

Quite often, AC voltage regulation using the connected VSC is required, especially
when the converter is connected to a weak grid, in which the converter needs to regulate
the AC voltage with reactive power compensation to enable active power flow [24], [138],
[139].

AC voltage control can be achieved by directly controlling the reactive current I,,, to

maintain the voltage magnitude at a certain level. There are generally two designs to
control the AC voltage as depicted in Fig. 3.6. As shown, one uses a Pl regulator, and the

other one uses a droop controller (essentially a proportional controller with a proportional

gain kpvi)-

kiac * *
Vv Kpa + 22 | Vv Koii 1,

(a) (b)

Fig. 3.6 Control diagram of the AC voltage controller (a) Pl controller (b) Droop

controller

The AC voltage controller using a PI regulator shown in Fig. 3.6 (a) can be expressed
as [24], [140]:
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*

L = Koae (Ve =V ) ke [ (Ve =V )t (3.14)
where k. and k. are the proportional and integral gain of the PI controller,

respectively. V. and V. are the reference and measured voltage magnitude at the

converter filter bus, respectively. By this way, the AC voltage can be regulated to the set
point with zero steady-state error providing the converter reactive power capability. On
the other hand, when using droop controller, the generated reactive current (power) is

dependent on the AC voltage error (the error between the set point and active AC voltage)

through the droop constant kpvi .

Vector current control based GFL converter has the capability to regulate the active
and reactive power exchanged between the power converter and AC network. However,
it is heavily dependent on the synchronisation with the AC grid by PLL. In the event of a
very weak grid or when the system operates in islanded mode (i.e., no external voltage
source), GFL converter using PLL may experience significant issues, e.g., lose
synchronisation, system instability, etc [24], [25], [141], [142].

3.3 Control of GFM converters

AC grid

Grid-forming

E'— | converter PCC

Fig. 3.7 Simplified representation of a GFM

As previously described, the operation of GFL converters relies on the presence of stiff
external AC voltage which is usually provided by synchronous generators [33], [47].
However, system with large renewable generation and reduced power generation based
on synchronous generators leads to power networks with significantly reduced stiffness.

The purpose of GFM converters can be considered as to support the operation of an AC
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power system during normal, islanded and weak grid conditions without relying on the
services from SGs [33]. A conventional GFM converter can be represented as an ideal

AC voltage source with a low-output impedance in series to the AC grid [50]. The

simplified representation of a GFM converter is depicted in Fig. 3.7, where @ and E”
represent the setting angular frequency and voltage of the grid. The GFM converter has
the ability to work both on grid connection and islanding networks, which cannot be
achieved by the GFL converters discussed previously. In this section, the principles of

the commonly adopted GFM control strategy are described.
3.3.1 Power droop control

Power droop control is commonly used to regulate the active and reactive power
exchanged between the power converter and the AC grid in order to keep the grid voltage
magnitude and frequency under control [50]. As described in [50], [85], [143], [127], the
key concept of the power droop control is to mimic the general operation of an SG. An
SG increases its frequency when the generated active power is reduced, and vice versa.
The characteristics for the reactive power and the voltage magnitude are similar to those
for the active power and frequency. By following this characteristics, the power
converters can take the voltage magnitude and frequency as the inputs for the control
system to adjust the generated active and reactive power to maintain the stability at all
times [144], [145]. The schematic diagram of a GFM VSC connected to an AC grid is
depicted in Fig. 3.8. In the representation, the GFM VSC is connected to the AC grid

through an LC filter, a transformer and a local load Z, .

Fig. 3.8 Schematics of the GFM VSC connected to an AC grid

43



VCOFIVZO P Q x VC4_5
D=0

Fig. 3.9 Schematics of power flow through an inductive line

The power flow between the converter and the converter filter bus shown in the red

box of Fig. 3.8 can be simplified into Fig. 3.9 by assuming the impedance is inductive.

The active and reactive power through the inductive element L, can be expressed as:

V_ V.sind
p=-<vc )C( (3.15)

Q _ Vconv (Vconvx_vc cos 5) (316)

where X is the reactance of L, between the two voltages, and ¢ refers to the power

angle shift between the two voltages. By assuming the reactance X is very small (high
SCR), then ¢ is also small, which gives sind ~ 6 and cosd ~1. Thus, (3.15) and (3.16)

can be simplified into:

ViV,
X
Veorw (Veory =V,
Q — conv ( ;c()nv C) (3.18)

According to (3.17) and (3.18), the power angle ¢ which is directly determined by the
angular frequency @ predominantly influences the active power flow P, while the

voltage difference V,,, -V, predominantly influences the reactive power flow Q [143],

conv

[146]. Thus, the basic principle of the droop control algorithm can be expressed as:

® =m,+k,(P"-P)

3.19
Ve =V -k, (Q-Q) o

*
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where k, and k, are the respective droop coefficients. V. and V? are the reference and
nominal voltage at the converter filter bus, respectively. @  and @, represent the

reference and nominal frequency of the power converter, respectively. P* and Q

represent the reference active and reactive power of the power droop controller, while P

and Q refer to the measured/actual active and reactive power of the power converter. The

control block diagram is illustrated in Fig. 3.10.

Fig. 3.10 Control diagram of the power droop controller

3.3.2 Voltage control

The principle of voltage control can be implemented to mimic the operation of the
automatic voltage regulator for an SG [60]. The mathematical expression of the voltage

controller can be given when a PI regulator is used, as:

|Vcor1V| - kpg (Vc* - IVC |) + kig (Vc* - ch |) dt

. (3.20)
0.y = Ia) dt

where V| and |V,| are the magnitudes of the converter output and filter bus voltage,
respectively. 6., represents the phase angle of the power converter, which is obtained

by integrating @ that is given by (3.19). k,, and ki, refer to the proportional and

integral gain of the PI regulator of the voltage controller, respectively.

The reference voltage at the converter filter bus V. and reference angular frequency

o are produced by the power droop controller discussed previously. The control block
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diagram of the voltage controller is illustrated in Fig. 3.11. The PI regulator is used to

keep the voltage magnitude at the converter filter bus |VC| tracking the reference voltage
magnitude V. fed by the reactive power droop controller, as shown Fig. 3.11. The output

of the PI regulator |V,

conv

| has to be limited to avoid control saturation. The produced

outputs of the voltage controller ([\/

conv

| and 6,,,,) will be fed into the PWM module to

trigger the switch of the power converter.

Vel

V * k. — |Vconv |

+
Power droop g PWM
controller ) 1 o Modulation
S

=
E

X
Y

conv

Y

Y

Fig. 3.11 Control diagram of the voltage controller

The GFM based on the control of voltage magnitude and phase angle has the ability to
handle both grid-connected and islanded operation due to the good regulation of AC
voltage and frequency. However, it lacks the capability of fault current limiting due to the

absence of vector current control loop. This will be further investigated in later chapters.

3.4 Simulation Results

To validate the feasibility of the GFL and GFM converters with the discussed control
strategies, time-domain models of Fig. 3.1 and Fig. 3.8 are developed in
MATLAB/Simulink environment. The DC sides of both converters are connected to

constant DC voltage sources with the DC voltage of V,. , and two-level switching

converter models are used.
3.4.1 Simulation of GFL converters

To verify the behaviours of the GFL converters with different outer controllers, two

cases are tested, including power step performances on a relatively strong AC grid and
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power ramp performances on a weak AC grid. The system and control parameters are
depicted in Table 3.1.

Table 3.1 System and control parameters of the GFL converter

System initial parameters
Power rating 100 MW
Nominal frequency a, (f°) 100z rad/s (50 Hz)
AC grid nominal voltage 110 kv
Capacitance C 0.15pu
LC filter
Reactance L, 0.2 pu
YIY 55 /110 kV
Transformer
Inductance 0.05 pu
GFL VSC control parameters (pu)
Proportional gain k., 0.4
PLL
Integral gain ki, 12.57
Vector current Proportional gain K, 0.24
control Integral gain k, 22.62
Droop control | Droop coefficient k; 1.21
Outer Aj[C :/Ioltage Proportional gain K, 1
controfier P1 control
Integral gain k. 48.4

A. Power step performances on a relatively strong AC grid

To test the behaviours of transient performances for the vector current control based
GFL converters, the GFL converters using power controller, and AC voltage regulation
using droop and PI controllers, are simulated on the system shown in Fig. 3.1. The GFL

converter is connected to relatively strong AC networks with an SCR of 5 (based on 100
MW). For power control, the active power order P is increased from 0 puto 1 pu at 2 s,

while the reactive power order Q" is remained at 0 pu. With AC voltage control, the
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voltage reference V. is fixed at 1 pu. Fig. 3.12 illustrates the waveforms of power step

performances of the GFL converters with three different outer controllers. As can be seen
in Fig. 3.12, all the three different outer loop controllers can settle down the system to
steady-states quickly due to the use of fast vector current control loop. As the network is
strong (SCR=5), the AC voltage change during the transient is relatively small, so the

three outer control loop settings results in largely similar performances.

O A i
—W I g

) (ii) (iii)
Fig. 3.12 Waveforms of power step performances of the GFL converters with different

outer controllers: (i) Power control (ii) PI control for AC voltage regulation (iii) Droop

control for AC voltage regulation

Fig. 3.13 displays the dg-axes currents and filter bus voltage magnitude of the GFL
converters with the discussed control schemes, where the blue lines denote the reference
signals, and red lines represent the measured/actual signals. As shown in Fig. 3.13, at the
transient of power step, the change of active power causes the change of converter filter
bus voltage and active current, which leads to the fluctuation of reactive current, hence

the change of reactive power. After the power step transient, the converter filter bus

voltage settles down, and the active power order P~ reaches 1 pu, which makes active
and reactive current order be 1 pu and 0 pu, respectively. Then the PI regulators of vector



current controller operates to keep the actual active and reactive currents tracking their
respective current orders. It should be noted that the reactive current order for the
converter with power control is maintained at O as the reactive power reference is fixed
at 0, as shown in Fig. 3.13 (i) (a).
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_ 14 1.4 1.4
=1
2
TTa
= L k
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0.9 0.9 0.9
2 205 21 2 2.05 2.1 2 205 21
t/'s t/'s t/

(i) (ii) (iii)
Fig. 3.13 Waveforms of dg-axes currents and filter bus voltage magnitude of the GFL

converters with different outer controllers (i) Power control (ii) Pl control for AC voltage

regulation (iii) Droop control for AC voltage regulation

With the consideration of the simulation results shown in Fig. 3.12 and Fig. 3.13, it can
be concluded that all the three categories of GFL converters behave adequately during a

power step on a relatively strong grid.
B. Power ramp performances on weak AC grids

To verify the behaviours of the GFL converters using different outer controllers on
weak networks, the GFL converter is connected to weak AC grids with SCR of 1.6 and
1.2 (based on 100 MW), respectively. The active power order P is ramped up from 0 pu

to 1 pu within 0.3 s at 0.2 s, and the simulation results are shown in Fig. 3.14, Fig. 3.15
and Fig. 3.16.
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Fig. 3.14 Waveforms of the GFL converters on a weak grid with an SCR of 1.6 (i) Power

control (ii) PI control (iii) Droop control

As can be seen in Fig. 3.14, the GFL converter with power control only loses control
and becomes unstable before the generated active power level reaches 1 pu when
connected to a weak grid with an SCR of 1.6, while the other two cases can settle down
stably after the power ramp. This is because there must be sufficient voltage at the
converter filter bus to support the active power flow [24], [138]-[139], which requires
effective outer controller to control the voltage at the PCC. Fig. 3.14 (i) shows that with
power control, the AC voltage is reduced when active power increases, and consequently,
the system becomes unstable. Fig. 3.14 (ii) and (iii) show that with effective AC voltage
control, the AC voltage is supported by reactive power compensation. This is depicted
more clearly in Fig. 3.15, where the blue signals denote the reference signals, while the
red lines represent the actual signals. As seen, the voltage magnitude at the converter filter
bus is well controlled at the set level (1 pu) for the converter using PI control for AC
voltage regulation, while the converter using AC voltage droop control drops the voltage

magnitude from 1 pu to 0.95 pu during the operation. The voltage dip is determined by

the set of droop coefficient k ,; and the voltage reference V.
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Fig. 3.15 Waveforms of dg-axes currents
converters with different outer controllers:

Droop control for AC voltage regulation

and filter bus voltage magnitude of the GFL
(i) PI control for AC voltage regulation (iii)
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Fig. 3.16 Waveforms of the GFL converters on a weak grid with an SCR of 1.2 (i) Power

control (i) PI control (iii) Droop control
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As displayed from the simulation results in Fig. 3.16, all three GFL converters lose
control and become unstable while trying to generate bulk active power with the SCR of
the connected grid at 1.2, which validates the constraint of power flow during a very weak

grid.
3.4.2 Simulation of GFM converters

To validate the feasibility of the introduced GFM control strategies, the GFM converter
based on the model in Fig. 3.8 is simulated. As way of example, three cases are illustrated
including power step during grid connected operation, transition from grid connected
operation to islanded operation, and load steps on an islanding network. The system and

control parameters are listed in Table 3.2.

Table 3.2 System and control parameters of the GFM converter

System parameters

Power rating 100 MW
SCR 5
Nominal local load demand P, 50 MW (0.5 pu)
Nominal frequency w, ( f°) 100z rad/s (50 Hz)
AC grid nominal voltage 55 kV
Converter reactance L, 0.2 pu
LC filter
Capacitance C 0.15pu
YIY 55 /110 kV
Transformer

Inductance 0.05 pu

GFM VSC control parameters (pu)

Active power droop coefficient k| 0.01
Power droop control - —
Reactive power droop coefficient K, 0.05
Proportional gain Kk, 8
Voltage control
Integral gain k;, 80
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A. Performance of power step on grid connected operation

To verify the behaviour of transient performance of the GFM control, the active power
reference of the power droop control shown in Fig. 3.10 is changed from 0 pu to 1 pu at

2 s, while the reactive power reference is fixed at 0 pu.

o’s’o’o’o’s’o’a"&'&%’o’ot'a'oo's’c’a’t'o"o'o'&'o’o"a't'o'o'a’c't'o’c's'&M’;’MM
""""""""“’0'0'0'*’6't'$"6'3' '6’0'6'6’6'&’"&'6’&'6’0'6W&’b6

t's

Fig. 3.17 Waveforms of power step performance on grid connected operation (a)
Converter filter bus voltage (b) Converter output current (c) Frequency (d) Delivered

power

Fig. 3.17 illustrates the waveforms of power step performance of the GFM converter
on grid connected operation. As displayed in Fig. 3.17 (a), the AC voltage is well
controlled before, at and after the power step transient. The generated active power is
gradually increased from O pu to 1 pu with a time duration of 0.15 s as well as the

converter output current |, as displayed in Fig. 3.17 (b) and (d). As shown in Fig. 3.17

(d), both active and reactive power experience oscillations, which is the trade-off between
the function of the GFM and the transient stability. The frequency experiences a small

increase to about 1.03 pu at the power step transient in order to increase the active power
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output, and then settles back to 1 pu at 2.15 s. The simulation results verifies that the
conventional GFM converter can settle down to steady-state quickly with a power step

on grid connected operation.
B. Performance of transition from grid connected operation to islanded operation

To test the operations of the GFM converter during both grid connected and islanded
operation, the system shown in Fig. 3.18 is disconnected from the AC grid by opening
the Switch S at 4 s. In this scenario, the converter transits from grid connected operation
to islanded operation. The simulation results are depicted in Fig. 3.19. As shown, the
converter with GFM control provides stable voltage control on both grid connection and
islanding networks. On islanded operation, the converter only generates the active power
to the local load (50 MW or 0.5 pu). Hence, the converter active power and output current
drop down to 0.5 pu as displayed in Fig. 3.19 (b) and (d). As illustrated in Fig. 3.19 (c),
the system frequency increased to 1.005 pu due to the active power droop controller, and
the active power droop controller increases the system frequency in order to decrease the

generated active power for the demand of the local load.

v ! S R LV,

| Vc

Fig. 3.18 Schematic diagram of the GFM VSC for the transition from grid-connected
operation to islanded operation

The simulation results prove that the converter with GFM control has the ability to
provide an autonomous and smooth transition from grid connected operation to islanded

operation.
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Fig. 3.19 Waveforms of performances of the GFM VSC on both grid connected and
islanded operations: (a) Converter filter bus voltage (b) Converter output current (c)

Frequency (d) Delivered power

Table 3.3 Sequences of load steps during islanded operation

Time Events

4.1-4.2's | Nominal local demand of 50 MW (0.5 pu)

4.2-4.3 s | An additional resistive load (25 MW, 0.25 pu) is connected.

4.3-4.5s | The additional load (25 MW, 0.25 pu) is disconnected

45-465 | Anadditional resistive load (125 MW, 1.25 pu) is connected, and the
converter is overloaded.

4647 s The extra load (125 MW, 1.25 pu) is disconnected, the converter
generates active power to feed the nominal load.
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C. Performances of load steps on islanded operation

As tested previously, the generated power of the converter is determined by the demand
of the local load when the converter is working on an islanding network. To verify this
capability of the conventional GFM converter, load step tests are simulated. The

sequences of load steps are depicted in Table 3.3.
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Fig. 3.20 Waveforms of load step performances of the GFM on islanded operation

Fig. 3.20 displays the waveforms of load step performances of the GFM converter on
islanded operation. The voltage is well controlled without any obvious fluctuation during
the load steps as shown in Fig. 3.20 (a). The frequency is decreased from 1.005 pu to
1.002 pu due to the additional load step at 4.2 s (25 MW, 0.25 pu), and recovers back to
1.005 pu after the disconnection of the additional load since 4.3 s, which is resulted from
the operation of the active power droop controller, as displayed in Fig. 3.20 (c) and (d).
When an extra load (150 MW) is connected from 4.5 s to 4.6 s, the total demand of the
local side goes to 2.25 pu and the system is overloaded. As seen in Fig. 3.20 (b), the

converter output current exceeds 2 pu which is not acceptable due to the low thermal
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inertia of VSC. Hence, the converter with the introduced GFM control needs additional
current limit control for the condition of overload and external AC faults, to avoid the

damage of semiconductors [147]-[148].

The simulation results shown in Fig. 3.20 verify that the converter with the discussed
GFM control can provide a stable operation on an islanded network but lacks the
capability of overcurrent protection.

3.5 Summary

This chapter introduces the control strategies of GFL and GFM converters. The control
schemes of the GFL converter include the vector current control, PLL and different outer
controllers, while the control schemes of the GFM converter consist of power droop and
voltage control to control the voltage magnitude and phase angle. The GFL converter uses
PLL to synchronise with the AC grid to regulate the active and reactive power flow, so it
could potentially experience problems during weak grid operation, especially with simple
power control as the outer controller. To address the issues resulted from the use of GFL

converters, GFM converters are developed to support the terminal voltage and frequency.

With respect to the reviewed GFM control methods in Chapter 2 and this chapter, most
of them control the voltage magnitude and power angle to support the terminal voltage.
Hence, the control accuracy is adversely affected by the coupling effect resulted from the
time-varying mutual inductances. In addition, the most common problem faced by
existing GFM converters is the limited capability of overcurrent limiting. Although
several current limiting techniques introduced in Chapter 2 can be used to improve the
overcurrent capability of the GFM converters, there are still limitations considering
different fault and grid conditions. The first issue is the distribution of the active (d-axis)
and reactive (g-axis) current during a fault. On grid connection network, the active and
reactive current are required to follow appropriate points at times to support the GFM
converter during and after the fault. However, the active and reactive current are
completely dependent on the impedance of the local load during islanding network. This
indicates that the current and voltage responses for grid connection and islanding network

are completely different, which has not been addressed by existing GFM converters. In
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Chapter 4, a universal GFM VSC control is developed to deal with this issue.
Furthermore, the constraint of current controller on weak grids brings significant
difficulties for the GFM converter to control both symmetrical and asymmetrical AC
faults, and provide grid support functionality in the meantime. Hence, it requires to
activate the entire current control loop only during faults, and retain the GFM control
scheme in the meantime. Most of existing methods use control mode switching to avoid
this issue without remaining the GFM functionality, while some of the methods retain the
current controller that can cause instability issues during weak grid connection. In
addition, the coordination between the positive- and negative-sequence current control
loop is also complicated, which is solved by the proposed GFM VSC with enhanced AC

fault current control in Chapter 5.
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Chapter 4 Universal grid-forming VSC control for

grid connected and islanded operation

As discussed in Chapter 3, the GFL VSC using vector current control loop is mostly
used for connecting renewable generations due to its fast response and effective fault
current limiting during large external transients [133], [134]. However, it lacks the
capability of working on islanded operation due to the absence of effective AC voltage
regulation, which is increasingly becoming important for VSCs used for renewable
generations. The conventional GFM VSC introduced in Chapter 3 is able to solve this
issue. Nevertheless, the capability of overcurrent limit due to the absence of current
control loop needs further investigation. Thus, a universal control strategy for the power
converters will be beneficial, which can combine the advantages of the conventional GFL
and GFM VSC, to operate stably on both grid connection and islanding networks, even

during large external transients.

With grid connection, the operation of the VSC requires the active (d-axis) and reactive
(g-axis) current to follow varying reference points [149], whereas, the active and reactive
current are determined by the local load during islanding. This brings a big challenge for
the design of the VSC control scheme, which requires a universal current controller for

the transient events on both grid connected and islanded operation.

In this chapter, a universal GFM VSC control strategy for grid connected and islanded
operation is proposed. The strategy includes the adaptive power droop control, frequency
droop control, GFM direct voltage control, PLL and current limit control. The proposed
control strategy can provide effective overcurrent protection and sharing of the active and
reactive currents during AC faults on both islanded and grid connected operation. Time-
domain simulations in MATLAB/Simulink verify the feasibility of the proposed control
strategy.
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4.1 Control requirements

The universal converter control scheme enables the VSC to operate on controlled
voltage source (GFL mode) synchronised with the grid to regulate the active and reactive
power flowing into the connected AC network during a strong grid connection, while as
a GFM VSC to establish its own AC voltage magnitude and frequency when the network

becomes islanding. The overall control requirements of the VSC are as follows:

e Precise grid synchronisation. It is essential to provide precise grid synchronisation for
the VSC to ensure accurate and stable operations when the converter is connected to
an AC grid.

e Active and reactive power control. For universal operation on both grid connection
and islanding networks, the VSC is required to control the generated power to the AC
grid, and to maintain the power balance of the entire system [84], [144] , [150].

e AC voltage and frequency control. On an islanding network, the VSC needs to
regulate the voltage magnitude and frequency for the network to maintain a stable
islanded operation.

e Current limiting. The VSC should have the capability to limit overcurrent caused by
the external faults and overloaded condition, for both grid connected and islanded
operation. It is also desirable to control the active and reactive current sharing during

such transient events.

Fig. 4.1 illustrates the overall control structure of the proposed universal GFM VSC.
The general GFM control scheme is boxed by the red dotted line, while the universal

current limit control scheme is boxed by the pink dotted line. The converter is connected
to the AC grid through an LCL filter and a local load with an impedance of Z, . Switch
S is connected between the AC grid and converter to perform the VSC on grid connected
and islanded operation. The impact of the DC side of the VSC is neglected, i.e., DC side
is connected to a fixed DC source. The detailed functions and designs of the individual

control block will be introduced in the following sections.

60



4.2 Direct voltage control

As aforementioned, the system model in the dq reference frame for the circuit displayed

in Fig. 4.1 can be expressed as:

\/convd \/cd ()
Vo || Vo || oL

convq

-ol,

0

IId

[INAE

Ly

V.

convdq

where V,,, ,

01|d
L, |dt

|

and 1,,, are the filter bus voltage, converter output voltage and output

(4.1)

current in the dq reference frame, respectively. @ is the estimated angular frequency of

the network by PLL.
V..., PQ I, V./o L, S R LV
V,, Ly nN—> — > N o—o
L Ly \ 4 C :E\; Z
'y abc ;[ abc L L
A ’
w
] b 0 VaVelPESveest
: Universal current control scheme
| dq current
' deroution e Peak
: ] control <“— 1,/ calculation
| V . I Voltage balancing
|Vd T TV Transient fault | | '|+ R control
| current limit '
I
|__________________VF ______
| . jd Vcorrd(i
dq Vconvd /‘_'\ § ! Vcd
A NG/ . I Direct voltage 7 Power droop <
4 ()t control | g | FrEqUENcy |l | control e
abe\| V. ~ > L_control [§*
| BRI £ 1
l; | IId IIq o \/Cq\/cd f F)
I

Fig. 4.1 Overall structure of the control system

General grid-forming control scheme

To directly control V,,, without inner current loops, the converter output voltage

V

convdq

can be regulated by considering the error between the actual V,,, and their

respective voltage orders. According to (4.1), Ldl,,, /dt is negligible on steady-state
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while the disturbances resulted from I, and V,, can be compensated by using Pl

regulators. Hence, the VSC direct voltage control in the dq reference frame can be

described as:

Vconvd (Vc

~V, )+, j (Vog =Vig ) dt — ol Ly +V,

y
(Vc; —Vq, ) + kivI(Vc; —Vy, ) dt+ ol L +V 0

= kpv
Vconvq = kpv

where V_, and V,, are the voltage orders in the dq reference frame. k_, and k;, are the

proportional and integral gains of the PI regulators used in the direct voltage controller,

respectively. The control block diagram of the direct voltage control is depicted in Fig.

4.2.
Vcd !
* k
Vcd ( ) k pv + % Vconvd

* » ( ) > kiv
VCq kPV + ? Vconvq
\Y/ L

Fig. 4.2 Diagram of the direct voltage control

The direct voltage control used for the universal GFM VSC is completely different
from the voltage control introduced in Chapter 3 and other methods stated in [61], [68],
[69], [73], [141], [151], [152], where it is based on the control of two independent voltage
components (d- and g-axis). The dq reference frame based direct voltage controller
removes the coupling effect resulted from the time-varying mutual inductances [12]. By
setting separated dg-axes voltage components, the d-axis control loop controls the voltage
magnitude, while the g-axis control loop specifically controls the frequency which will
be covered later in this chapter. Moreover, since both voltage and current variables are

transformed to the dq reference frame, active and reactive current can also be controlled

62



individually to avoid coupling effect between them, so as to make it easier to realise fault
current limiting and sharing of active and reactive current compared to the conventional
GFM using instantaneous current limit control strategies as stated in [18], [42], [59], [60].

The detailed current limit controller will be introduced later in this chapter.

4.3 PLL

The conventional GFM converters introduced in Chapter 3 and those used in many
other methods do not use PLL, whereas the synchronisation with the network is achieved
by the power droop controller. However, this could bring significant challenges as the
converter may completely lose synchronisation with the grid during a severe external AC
fault, resulting in difficulties in controlling fault current. However, in the event of a severe
AC fault close to the VSC AC terminal, the terminal voltage could be reduced to almost
zero, during which PLL has no external voltage to lock to and potentially cause the
frequency to diverse. Consequently, after fault clearance and network voltage recovery,
the actual system frequency/angle can have a significant difference with the values

produced by PLL, leading to a large transient current.

1
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Fig. 4.3 Diagram of PLL

To address the issue, the principle adopted by PLL in this thesis is shown in Fig. 4.3.

As shown, when the voltage magnitude V,, drops below the pre-set level of 0.15 pu, PLL

fixes the frequency to the value measured 0.2 s ago (through the rate transition) and the

PI regulator stops calculation. Once the voltage magnitude V, recovers to a level above
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0.15 pu, PLL goes back to its normal operation. By this way, the system is ensured to

maintain a smooth transient during zero (close to zero) network voltage.
4.4 Frequency droop control

To achieve a stable islanded operation, it is essential for the VSC to establish the
voltage and frequency for the islanding network, which forms the concept of “grid-
forming”. The voltage regulation is given by the direct voltage control loop discussed in
the previous section. According to the control diagram shown in Fig. 4.3, the frequency
f estimated by PLL can be expressed mathematically as [134], [147], [153]:
Fm £ K Vg Ko [ Vigdlt (4.3)

ppll ¥ cq

where f° is the nominal grid frequency (given by @, /27). k_,, and k,, represent the

ppl ipl
proportional and integral gains of the P regulator in the modified PLL shown in Fig. 4.3,

respectively. The natural frequency of the k_,, and k;, is usually tuned between 207

ipll
rad/s and 307 rad/s, while the damping ratio is normally set from 0.5to 1. V. in (4.3) is

the measured/actual g-axis voltage at the converter filter bus. The relationship between

the angular frequency @ and g-axis voltage V,, can be illustrated in Fig. 4.4.

(S
I
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I
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I
I
I
I

Fig. 4.4 Converter filter bus voltage vector in dg frame

As introduced in Chapter 3, the value of Vv, reflects the angular position error of the
d-axis of the reference frame and the actual network voltage. For example, if V_ is

greater than 0, the angular speed @ of the d-axis by PLL will increase, and vice versa.
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This indicates that controlling the g-component voltage V., at the converter filter bus can

regulate the system angular speed @, hence the system frequency f . Based on this

inference, the g-axis voltage order can be depicted as:

Vo =k (17 1) (4.4)

cq

where k, and f” represent the droop coefficient and the frequency order of the

frequency controller, respectively. The principle of the frequency droop controller can be

displayed in Fig. 4.5.
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Fig. 4.5 Principle of the frequency control (a) Characteristics (b) Control diagram

As shown in Fig. 4.5, when the frequency f (f, in Fig. 4.5 (a)) measured by PLL is
smaller than the frequency order f~, the frequency droop controller will produce a

positive g-axis voltage order V_, which will be fed into the g-axis control loop of the

ql
direct voltage controller shown in Fig. 4.5 (b). Hence, a positive V., will appear at the
filter bus AC voltage. Consequently, this positive V,, is detected by the PLL and the

output frequency from PLL is thus increased. As the output frequency of the PLL (and
the angle) is used to synchronise the converter output voltage, the output frequency from

the converter is thus increased to match the frequency reference f ™. Similar process can

be considered when the actual frequency is higher than the frequency reference.
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The frequency droop controller combined with the aforementioned direct voltage
controller can regulate the system frequency to the reference f . Considering the need
for the VSC to operate on grid connected and islanded operation, the frequency reference

f” needs to be set properly according to the operation requirements.

4.5 Adaptive power droop control

As discussed in Chapter 3, power droop control is normally used to regulate the active
and reactive power flowing into the connected AC grid and to maintain the grid voltage
and frequency under control. One problem arises during external AC voltage dip during

which the converter might not be able to deliver the required active and reactive power.
Consequently, the errors produced by P"—P and Q" —Q will cause saturations of the Pl

regulators in the direct voltage controller. To address this issue, the adaptive power droop
control loop is designed as shown in Fig. 4.6.
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Fig. 4.7 Characteristics of active power reference

During large voltage dip, the ability of the VSC to export active power can be
significantly reduced. Thus, the principle adopted in the adaptive power droop control is
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to produce a dynamic active power reference P~ with respect to the ratio of V, /VJ, to

mitigate the control issues caused by the error of P*—P during voltage dip. Fig. 4.7
shows the details of the active power reduction during voltage dip. The design considered
here assumes that the VSC is able to deliver 1 pu active power when the AC voltage is
reduced to 0.9 pu, and the active power delivery is then reduced proportionally according
to the remaining AC voltage once it goes below 0.9 pu. As shown in Fig. 4.7, a dynamic

saturation block is used to reduce the active power reference when V,, /(0-9ch ) <P"/P°

where V) and P° are the rated AC voltage and active power. For reactive power, if the

voltage dip is significant, a large reactive current (e.g., according to grid code requirement)
will be required. Consequently, the active current/power will need to be limited further.
Under such conditions, the above proposed method is not applicable, and the d-axis

voltage mismatch issue will be addressed later in this chapter.

The expression of the adaptive power droop control is given by:

Vcti :Vc?i - kq (Q* _Q)
f°+kp(P*—P), when V°"O ZP—O
- 0V P (4.5)
o4k, P*L“O—P , when V“’O<P—O
0.9V 0V, P

where the variables with superscript ‘0’ denote the nominal values of the system. k, and
k, represent the droop coefficients of the active and reactive power droop controller,
respectively. P and Q are the measured active and reactive power which are given by

(3.6) and (3.7) introduced in Chapter 3.

The active power droop controller operates to generate the frequency order f~ that is
fed into the frequency droop controller, while the reactive power droop controller is used

to produce the d-axis voltage order V,, for the direct voltage controller.
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Depending on the mode of operation, i.e., whether the VSC system is on grid connected

or islanded operation, the above power and frequency control design lead to automatic

frequency/ P and voltage/ Q regulations, i.e.,

When the VSC is grid connected, the frequency reference f~ has to match the
actual network frequency under steady-state, which may be different to the
nominal value f°. So the actual active power P delivered by the VSC will be

slightly different to the active power reference P™, which is determined by the

actual network frequency and droop constant k. Similar for reactive power, the
actual Q delivered by the VSC will be slightly different to the reactive power
reference Q" , which is determined by the actual network voltage and droop
constant k.

When the VSC is on islanded operation, the active and reactive power of the VSC
are determined by the local loads, which may be different to P* and Q.

Consequently, the active and reactive power controllers will generate frequency

and voltage errors, which means the actual network voltage and frequency will

have small deviations from the nominal values of V. and f° according to (4.5).

Thus, the combined design of the direct voltage control, the PLL and the active and

reactive power droop control ensure the VSC system can be operated under either grid

connected or islanded operation without the need to switch the control mode.

4.6 Universal Current control

The direct voltage controller with GFM ability ensures stable operations on grid

connection and islanding networks. However, the absence of vector current control loop

means that the converter lacks the capability of overcurrent protection. As overcurrent

problems commonly occur in power electronic systems, such as during overload and

external AC faults, it is essential to provide effective current limit control. In addition,

the distribution of active and reactive current during external AC faults needs to be

considered. When the system is grid connected, specific requirements in active and
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reactive current provision in the grid code can be considered. However, during islanded
operation, the distribution of active and reactive current is dependent on the local loads
during faults. Hence, a universal dg current distribution control for both grid connected
and islanded operation is also indispensable. In this section, the overcurrent protection
and distribution of active and reactive current for both islanding and grid connection

networks are proposed.
4.6.1 Transient fault current limit control

As discussed in the previous section, the Pl regulator in the d-axis direct voltage control

loop may saturate due to the mismatch between the voltage order V,, and measured

voltage V, during an external AC fault, which is the main cause for converter overcurrent.

For the g-axis direct voltage control loop, the use of the adaptive active power droop
controller can address the control saturation issue during external fault, and the system
frequency can be largely controlled even during severe external faults. To solve the
overcurrent issue caused by external voltage dip, a transient fault current limit controller

using a current-voltage droop control is designed, which is illustrated in Fig. 4.8.
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| Transient fault current limit control |
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Fig. 4.8 Diagram of the transient fault current limit control
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As shown in Fig. 4.8, an additional voltage control component is added to the d-axis
voltage controller once overcurrent is detected. The concept is based on the consideration
that, during a severe external voltage dip, the converter output voltage magnitude needs
to be quickly reduced in order to limit the fault current. The mathematical model of the

transient fault current limit controller can be expressed as:

0, n]<1.2|1?|

Vcorr= 4.6
Tk (L2 [u]) I > 22 “9

where k, is the proportional/droop gain, and 1.2 pu is considered as the overcurrent

protection threshold, while the magnitude of the converter output current |1,| is given by:

|h|=«/h§+|.§ (4.7)

On normal operation, the proposed controller produces no response as the actual

converter current magnitude will be lower than 1.2 pu, so the current error is zero. During
an external AC fault, when the actual current magnitude hits the upper limit 1.2‘I|°‘ N
is the nominal converter output current), a current error will be produced and a negative
correction voltage V., will appear through the droop gain Kk, , which effectively reduce

the output d-axis direct voltage. Once the reduced converter output voltage matches the

low external voltage, the transient fault current can be limited. Once the converter output

current drops below the limited level 1.2[17|, the transient fault current limit control will
then stop working.

The transient fault current limit control is designed for the control saturation at the
inception of the fault to mitigate the transient fault current spike. When the fault current

is settled down to a steady-state (below the pre-set level 1.2‘||°‘ ), it will stop working.

This will be introduced in the following subsection.
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4.6.2 Overcurrent limit control

As discussed previously, the transient fault current limit control is proposed to limit the
transient overcurrent. It is desirable for the active and reactive current to follow respective
orders during faults for grid connected operation, while the active and reactive currents
are determined by the local loads on islanded operation, which requires to retain the AC
direct voltage control loop. Thus, overcurrent issues cannot be addressed adequately with
existing control schemes due to the saturation of direct voltage control loop with no
specific active and current orders to follow. This can happen when the system is
overloaded or during external AC faults on both islanded and grid connected operation.
In order to ensure that the converter output current is limited (1.2 pu in this chapter) to

protect the converter, an extra overcurrent limit control illustrated in Fig. 4.9 is designed.

| 1.2[1° 4>?—>>J— Transient fault
| | | | g | current limit control
(- _|I'i I'?’_H'%‘_ R N = v
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<

Frequency control

* convq
f

A

Fig. 4.9 Diagram of the overcurrent limit control

As shown in Fig. 4.9, the d-axis voltage order is produced by the overcurrent limit

controller instead of the reactive power droop controller once a significant voltage dip is

detected. The profile of the d-axis voltage order V_, is given by:

Vc(()i - kq (Q* _Q)! AVcd < Olvc(c)i
Vg = (4.8)
K, (1.2\“0‘_ fiz s |,§), AV,, > 0.V,

where Kk, refers to the proportional gain for the control scheme. AV_, represents the

difference of voltage magnitudes between the measured and nominal filter bus voltage

which can be expressed as:
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AVcd :Vc?i _Vcd (49)

On normal operation, the difference of voltage magnitude AV, is less than the pre-set
level 0.1V, then the d-axis voltage order V, fed into the direct voltage control is

produced by the reactive power droop controller. When the system is overloaded on an
islanded operation or suffered from an external AC fault on both islanded and grid

connected operation, the difference of voltage magnitudes AV,, will be greater than the

pre-set level 0.1v7 . On this case, the d-component voltage order V_, is given by the

overcurrent limit controller as shown in Fig. 4.9 and (4.8). The general principle adopted
on the overcurrent limit controller is to balance the measured the d-component voltage

order V_, with the measured the d-component voltage V., to retain the direct voltage

control loop, so the distribution of active and reactive current is then determined by the
local load on islanded operation. When the system is suffered from an external AC fault,
the overcurrent controller can limit the overall fault current under the pre-set level 1.2 pu.
This will cause the transient fault current limit control loop to stop working, which has

been mentioned in the previous subsection.
4.6.3 dg current distribution control

It is essential to maintain the balance of power exchange among the converter, local
load and AC grid on both islanding and grid connection networks, even during external
AC fault conditions [129]. With the operations of the adaptive active power droop,
overcurrent limit and transient fault current limit controllers, the overall current can be
limited during an external AC fault. However, the sharing of active and reactive (dq)

currents (as in grid code) needs to be addressed. As shown in (4.2) and Fig. 4.2, in the

decoupling terms, 1, and I,, appear to the g- and d-axis of the direct voltage controller,
respectively. Any change of I, and I, can result in the change of the g- and d-axis of

the converter output voltage V

conv *

This indicates that I, and I, can be controlled

through the g- and d-axis of the direct voltage controller, through the so-called “cross-

coupling control”. The detailed model and analysis of the so-called “cross-coupling
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control” have been explored in [149], [154], [155]. Then the dq current distribution
controller can be designed as illustrated in Fig. 4.10.

Transient fault
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Fig. 4.10 Diagram of dq current distribution control

The mathematical expression of the dq current distribution control can be described as:

Vq ||; - Ild
where V; and V, represent the compensating voltage in the dq reference frame. k; refers

to the proportional gain for the control scheme. The reactive current order I,’; can be

given according to the voltage drop during fault as:

*

IIq = I(viAVcd (411)

73



where K, is the proportional gain for the reactive current order. According to (4.11), a
larger voltage sag AV,, will lead to a larger reactive current order I;, and vice versa. The

profile of the active current order 1, is determined by the reactive current and overall

current, as:

. JF=nz =i
’ JL2[E) =12 1> 12)1y)

On normal operation, the direct voltage controller takes the lead of the whole control

(4.12)

system and the response produced by the dqg current distribution controller will be
compensated by the PI regulators in the direct voltage controller to ensure no conflict
between the direct voltage control loop and the dq current distribution control loop. In the
event of an AC fault during islanding or grid connection network, the dg current

distribution controller will make the measured active and reactive current (1, and 1,,) to

follow the current orders expressed in (4.11) and (4.12). As discussed previously, if the
system is overloaded during islanded operation, the direct voltage control is retained to
share the active and reactive current according to Ohm’s Law, i.e., dependent on the load
characteristic. In this scenario, the response produced by the dq current distribution
controller are compensated by the PI regulators in the direct voltage controller.

4.7 Simulation results

To validate the feasibility and robustness of the proposed universal GFM control
strategy, the system shown in Fig. 4.1 is tested by using a detailed model in
MATLAB/Simulink environment. The VSC switching frequency is set at 2.5 kHz which
is the typical level for IGBT in medium-high power application [24]. The DC side of the
VSC is connected to a constant DC source of V,. . Both grid connected and islanded
operations for the universal GFM VSC are tested. The system and control parameters are
stated in Table 4.1.
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Table 4.1 System and control parameters

System initial parameters

Power rating 400 kW
SCR 5
Nominal local load demand P, 200 kW (0.5 pu)
Nominal frequency f° (a,) 50 Hz (100x rad/s)
DC voltage V. 1300 V
AC grid nominal voltage 690 V
Converter reactance L, 0.2 pu
LCL filter Capacitance C 0.15 pu
Terminal (transformer equivalent)
reactance L, 0.06 pu
Universal GFM VSC control parameters (pu)
Proportional gain Kk, 0.4
PLL
Integral gain ki, 12.57
Active power reference P 1
Adaptive power droop Reactive power reference Q 0
control Active power droop coefficient k, 0.02
Reactive power droop coefficient k, 0.05
Proportional gain k, 0.9
Direct voltage control
Integral gain k;, 50
Frequency droop Droop coefficient k, 1.598
control
Trans!en_t fault current Proportional gain k, 2 437
limit control
Overcurrent limit Proportional gain K, 9.242
control
Proportional gain k; 0.697
dq current distribution - - -
control Proportional gain for reactive current
order Kk, 14
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4.7.1 Grid connected operation

To verify the robustness of the universal GFM control strategy on grid connected
operation, three cases are illustrated including grid frequency change, load step and

external balanced AC faults.
A. Grid frequency change

To validate the system response during grid connected operation, the grid frequency is
increased to 50.2 Hz (with a frequency rise of 0.004 pu) during 1 s - 1.5 s using the model
in Fig. 4.1. The simulation results are depicted in Fig. 4.11.
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Fig. 4.11 Waveforms of grid frequency rise (a) Converter filter bus voltage (b) Converter
output current (c) Frequency (d) Delivered power (e) d-axis converter filter bus voltage
(f) g-axis converter filter bus voltage (g) d-axis converter output current (h) g-axis

converter output current

When the network frequency increases, the angle shift between the converter output
voltage and PCC voltage reduces. Consequently, the output power from the converter is
reduced. Thus, according to the active power droop controller in (4.5), the frequency

reference f~ for the VSC is increased. As shown in Fig. 4.11, the system frequency rises
to 1.004 pu (50.2 Hz), while the active power drops to around 0.78 pu that is determined

by the droop constant k,.The AC voltage is well controlled at 1 pu, and the reactive

power is largely unchanged, as depicted in Fig. 4.11 (d) and (h). Due to the reduction of
active power, the converter output current drops to 0.8 pu, as can be seen in Fig. 4.11 (b).
When the grid frequency recovers back to 1 pu (50 Hz), all the converter variables restore

quickly to the normal levels.

B. Load step

As shown in Fig. 4.12, an additional load Z, (0.25 pu, 100 kW) is switched in and

off at 2 sand 2.5 s, respectively. The simulation results are displayed in Fig. 4.13.
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Fig. 4.13 Waveforms of load steps on grid connected operation (a) Converter filter bus
voltage (b) Converter output current (c) Frequency (d) Delivered power

As shown in Fig. 4.13 (a), the AC voltage at the converter filter bus remains well-
controlled before, during and after the load steps due to the operation of the direct voltage
controller. The converter reactive power is slightly different to the reference value due to
the small difference between the actual AC voltage and AC voltage setpoint/reference.
As the network frequency is 50 Hz which is the same as the nominal frequency in the
active power controller, the VSC generates zero active power error, i.e., the actual active
power is the same as the reference of 1.0 pu, as can be seen in Fig. 4.13 (d). The converter
output current and generated power settle down to the steady-state quickly after a tiny
disturbance as displayed in Fig. 4.13 (b) and (d). According to Fig. 4.13 (c), the frequency
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Is also maintained at 1 pu after a small overshoot which is caused by the transient of load
switching. The simulation results verify the stable operation of the universal GFM VSC

control strategy under load step during grid connected operation.
C. External balanced AC fault

To test the fault ride-through operation of the proposed controller with grid connected,
a three-phase-to-ground fault with a fault resistance of 0.01 Q is induced into the system
during 3.2 s - 3.5 s at the location of F shown in Fig. 4.14. As the fault resistance is

extremely small, the voltage is almost reduced to 0 during the fault. The simulation results

mFé QZL Z |

Fig. 4.14 System configuration of an AC fault test on grid connected operation

on this case are displayed in Fig. 4.15.
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As illustrated in Fig. 4.15, the converter filter bus voltage V. drops to about 0 pu

during the fault, while the converter output fault current is largely limited at the pre-set
level 1.2 pu with a transient current peak of 1.5 pu at the inception of the fault due to the
operation of the transient fault current limit and overcurrent limit controllers. The
frequency is remained at 1 pu resulted from the effective operation of PLL, while the

active and reactive power are 0 during the fault due to the zero AC voltage. According to

Fig. 4.15 (e) and (f), the d-axis voltage V,, drops to 0, while PLL still effectively forces
the g-component voltage V., to be 0 to avoid the excursion of the frequency and phase
angle during the fault. As shown in Fig. 4.15 (g) and (h), the active current I,, and
reactive current |, are controlled at 0.5 pu and -1.05 pu (capacitive) respectively with

respect to (4.11) and (4.12) during the fault, which is the result of the effective operation
of the dq current distribution controller. After the clearance of the fault, the converter
filter bus voltage, converter output current, frequency and delivered power quickly

recover back to the normal levels.
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Fig. 4.15 Waveforms of an AC fault with fault voltage level at O pu on grid connected
operation: (a) Converter filter bus voltage (b) Converter output current (c) Frequency (d)
Delivered power (e) d-axis converter filter bus voltage (f) g-axis converter filter bus
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For a higher fault resistance, the retaining AC voltage during the fault will be higher.
Fig. 4.16 shows the simulated results during a balanced AC fault with a fault resistance
0.1 Q applied at the location of F during 4 s - 4.3 s. As shown in Fig. 4.16, the converter

filter bus voltage V, drops to 0.5 pu during the fault, while the fault current is limited at

the pre-set level 1.2 pu with a current spike of 1.4 pu. The frequency settles back to 1 pu

quickly after a small overshoot. As shown in Fig. 4.16 (g) and (h), the active current |,
is controlled at 0.9 pu, while the reactive current 1, is regulated at -0.8 pu according to

(4.11) and (4.12). Consequently, the delivered active power drops to 0.4 pu, while the
reactive power is increased to 0.4 pu (capacitive). After the clearance of the fault, the
converter filter bus voltage, converter output current and frequency quickly recover,

which indicates a good postfault operation.

According to the simulation results, it can be seen that the proposed current limit

control is robust for different fault resistances during grid connected operation.
4.7.2 Transition from grid connected operation to islanded operation

The system shown in Fig. 4.1 is disconnected from the AC grid by opening the Switch
S at 5 s to test the behaviour of transition from grid connected operation to islanded
operation. The simulation results are displayed in Fig. 4.17. As shown, the converter filter
bus voltage remains well-controlled without any noticeable disturbance during and after
the transient. As all the generated active power is transmitted into the local load (200 kW,
0.5 pu) on islanded operation, the delivered active power and converter output current
drops to 0.5 pu after islanding. Considering the characteristics of the active power droop
controller discussed previously, the GFM VSC slightly increases its frequency to decrease
the generated active power from reference value of 1.0 pu to 0.5 pu. As seen from Fig.
4.17 (c), the frequency increases to 1.01 pu after a short oscillation, which corresponds to
0.5 pu active power reduction with the droop constant of 0.01 pu. As shown in Fig. 4.17
(d), the VSC consumes some inductive reactive power although the local load is purely
resistive. This is because that the VSC needs to compensate the difference of reactive

power generated by the filter capacitor (0.15 pu) and that consumed by the terminal

reactance L, (0.06 pu).
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Fig. 4.16 Waveforms of an AC fault with fault voltage level at 0.5 pu on grid connected
operation (a) Converter filter bus voltage (b) Converter output current (c) Frequency (d)
Delivered power (e) d-axis converter filter bus voltage (f) g-axis converter filter bus

voltage (g) d-axis converter output current (h) g-axis converter output current
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The simulation results depicted in Fig. 4.17 verify that the proposed universal GFM
control strategy provides a smooth transition from grid connected operation to islanded

operation without the need for control mode switching.
4.7.3 Islanded operation

To further validate the feasibility of the proposed control strategy when operating as
an island network, three cases are tested including load steps, overloaded condition and

external balanced AC fault.

A. Load step

As shown in Fig. 4.18, the system operates in islanded mode and an additional load Z,

(0.25 pu, 100 kW) is switched in and off at 5.5 s and 5.8 s, respectively. The simulation
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results are depicted in Fig. 4.19. As shown in Fig. 4.19, the AC voltage at the converter
filter bus is well-controlled during and after the load step. As the total demand of the load
is increased to 0.75 pu at 5.5 s, the delivered active power and converter output current
quickly rise to 0.75 pu. The frequency drops slightly from 1.01 pu to about 1.005 pu due
to the operation of active power droop controller as seen in Fig. 4.19 (c). Since the
additional load is purely resistive, there is limited change on the reactive power and
reactive current, as seen in Fig. 4.19 (d) and (h). At 5.8 s, the additional load is
disconnected, the active power and converter output current quickly return to 0.5 pu while
the frequency also goes back to 1.01 pu. The simulation results indicate a satisfactory

response during load steps for the universal GFM VSC on islanded operation.

Vdc

L Ly C

Fig. 4.18 System configuration of load steps on islanded operation

B. Overloaded condition

To validate the feasibility of the dq current distribution on islanded operation during
overloaded condition, an additional load Z, (400 kW / 1 pu and 100 kVar / 0.25 pu) is

switched in and out at 6.1 s and 6.4 s, respectively. The simulation results are depicted in
Fig. 4.20.
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As the initial load is 200 kW / 0.5 pu, the switching in of the additional load at 6 s
causes the VSC to be overloaded. During the overloaded condition, the overcurrent limit

controller operates to limit the converter output current, and then to drop the voltage
reference V_, for the direct voltage controller. As displayed in Fig. 4.20 (a), (b) and (e),

the converter filter bus voltage drops to 0.8 pu, while the converter output current is
limited at around 1.2 pu. Since the converter filter bus voltage drops to 0.8 pu, the active
and reactive current go to around 1.18 pu and 0.2 pu according to Ohm’s Law, as shown
in Fig. 4.20 (g) and (h). Hence, the generated active and reactive power settle down at
around 0.9 pu and 0.16 pu according to the power flow equation (3.6) and (3.7), as
illustrated in Fig. 4.20 (d). The frequency is around 1 pu according to the active power

droop controller, while the g-axis voltage V,, is 0 pu due to the operation of PLL, as

depicted in Fig. 4.20 (c) and (e). When the additional load is switched off, the system

returns to normal operation quickly.

The simulation results displayed in Fig. 4.20 validate that the proposed overcurrent
limit control can effectively limit the overall current and provide the sharing of active and
reactive currents according to the local loads when the converter is overloaded during

islanded operation.

Vdc

V P.Q | Vcrieryl_\tn
L f cf FggzL

Fig 4.21 System configuration of an external AC fault on island network

C. External balanced AC fault

A balanced AC fault with a fault resistance of 0.01 €2 is simulated during 7 s- 7.3 s at
the location of F shown in Fig 4.21, and the simulation results are shown in Fig. 4.22.
As illustrated in Fig. 4.22, the AC voltage at the converter filter bus drops to almost 0
during the fault. The overcurrent is largely limited at 1.2 pu through the transient fault
current limit controller and the overcurrent limit controller. Since the AC voltage drops

to around 0 and the system is under zero voltage network, there are not active and reactive
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power exported from the converter. Meanwhile, PLL locks the frequency at 1.01 pu.
According to Fig. 4.22 (g) and (h), the active current is controlled at 0.4 pu, while the
reactive current goes to 1.1 pu during the fault. This is because the dqg distribution
controller provides active and reactive current reference according to the voltage dip
given in (4.11) and (4.12). As the fault is very severe and voltage dip is extremely large,
the reactive current reference is limited at 1.1 pu by the saturation block, while the active
current reference is set at 0.4 pu considering the fault current level (1.2 pu). And then the
current references are followed by their respective measured current with respect to (4.10).

When the fault is cleared, the converter restores quickly to the normal operation.

The simulation results depicted in Fig. 4.22 verifies that the proposed current limit
controller provides good overcurrent protection and effective distribution of active and

reactive current during an external AC fault when islanding.

4.8 Summary

In this chapter, a universal GFM VSC control strategy is proposed for grid connected
and islanded operation with effective overcurrent limit control. The general control
schemes include adaptive power droop, frequency droop, PLL, direct voltage and current
limit controller. On grid connected operation, the VSC works as a controlled AC voltage
source synchronised to the grid by PLL for the power exchange with the local load and
AC grid. When the network becomes islanding, the VSC establishes the voltage and
frequency for the network by the GFM direct voltage controller and frequency droop

controller to provide a stable islanded operation.

To verify the operation of the proposed control strategy on grid connection, system
responses during grid frequency change, load step and external AC fault are tested. The
simulation results validate that the converter can operate adequately during grid
frequency change and load step, and the proposed current limit controller can effectively
limit the fault current and distribute the active and reactive currents according to the set

current references.
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Fig. 4.22 Waveforms of an external AC fault on islanded network: (a) Converter filter

bus voltage (b) Converter output current (¢) Frequency (d) Delivered power (e) d-axis

converter filter bus voltage (f) g-axis converter filter bus voltage (g) d-axis converter

output current (h) g-axis converter output current
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To verify the operation of the proposed control strategy on islanded operation,
simulation during transition from the grid connected operation to islanded operation is
carried out, and the results indicate smooth operation without control mode switching.
Load step, overloaded operation and external AC fault are tested when the system is in
islanded mode. The simulation results demonstrate that the converter can tightly control
the AC voltage and frequency, and generate power with respect to the demand of the local
loads during steady-state and load steps. The overall current limit controller can
effectively limit the overcurrent and control the active and reactive current during

overload or external fault conditions.

Although the proposed control strategy is able to deal with the transient events on both
grid connection and islanding network, there are still some issues to be addressed. The
current control loop only considers symmetrical AC faults, which makes the system lack
the capability of dealing with asymmetrical faults. Another issue come out of the dq
current distribution control loop. As mentioned previously, the produced response of the
dqg current distribution control loop due to the mismatch of the generated reactive current
order and measured reactive current can be compensated by the PI regulators in the direct
voltage controller. This can only be achieved when the grid is strong enough. In other
words, when the connected grid becomes weak, the corresponding response can lead the
system to be unstable due to the constraint of current control loop on a weak network,

which will be validated in Chapter 5.
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Chapter 5 Control of grid-forming VSC during

symmetrical and asymmetrical AC faults

As discussed in Chapter 4, the universal GFM VSC control combines the advantages
of conventional GFL and GFM VSCs for stable grid connected and islanded operation.
During fault, the transient fault current limit controller operates to limit the transient fault
current, while the overcurrent limit controller performs for the overall fault current
limiting. The dq current distribution controller will set current orders according to the
voltage dip and overall current level to ensure adequate the active and reactive current
sharing. Nevertheless, since the mentioned current controllers only control the positive-
sequence current terms, the operations during asymmetrical AC faults need to be further

investigated.

Based on the control system introduced in Chapter 4, this chapter develops an enhanced
AC fault current limit control scheme including the enhanced dq current distribution
control and negative-sequence component current control, to limit and control the current
during fault conditions. To enable the separated control of positive- and negative-
sequence components, the control schemes are built in double synchronous reference
frames. The proposed control strategy has the capability to deal with symmetrical and
asymmetrical faults and can restore normal operation quickly. To verify the feasibility of
the proposed control strategy, time-domain simulations are carried out in
MATLAB/Simulink environment.

5.1 Overall system control

As shown in Fig. 5.1, the overall control system is divided into two parts, including the
general GFM control, and enhanced AC fault current limit control that consists of the
voltage balancing control, enhanced dq current distribution control and negative-
sequence current control. The general GFM control is based on the control strategies
introduced in Chapter 4 with partial controlling variables being filtered by notch filters to
extract the positive-sequence components. To address challenges related to AC faults on
a weak network (i.e., the external AC voltage is not stiff), the voltage balancing control
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and enhanced dq current distribution control are developed. It is worth mentioning that
they are different from the AC fault current control discussed in Chapter 4, and the details
will be discussed in the following sections. In addition, a negative-sequence current

control strategy is employed in this chapter to deal with asymmetrical faults.

C

J__ Vconv Lf I| P, Q V. /60 Ltm Rs Ls Vs
e @

L c=
1
A = L
e o B B
2 10 Iq
% Notch filter | | Notch filter [€—2a—>{ Notcn filter | | Notch filter [€—20,
IIZI II; II:i II; Vc; Vc; ch
> Power
PWM] »| calculation |¢
A 9 ¢ ¢
S o « L
dqg l Vc;nvd ch* ) :
Direct voltage [€# Power droop [<~Q |
control ez Frequtenlcy | control [ pl
abc +[__contro " |
R e 57 5 A
Vconv Ild IICI a)ch Vc; f Vcd Q P :
|

General grid-forming control

thapceq dgcurrent [«—1l,—>  peak Voltage balancing
distribution control  le— I,,—>| calculation control
_ A

|

|

|

|

|

,* |
Vi | W 4/ |
|

|

|

|

I

dg

Negative-sequence |e— I -~
current control  [&—1." ]

abc

V., "l
T | Enhanced AC fault current limit control
e e e

Fig. 5.1 overall control system of the GFM VSC on grid connection
5.2 General GFM control

The general GFM control module is based on the control schemes discussed in Chapter
4, including direct voltage control, frequency droop control, PLL and adaptive power
droop control. Different from the control schemes in Chapter 4, there are two dq frames

(positive- and negative-sequence dq reference frames) used in this chapter. Some control
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parameters are implemented in both positive- and negative-sequence dq reference frames,
which will be introduced later in this section.

5.2.1 Double synchronous reference frames

To facilitate precise control of the GFM VSC for positive- and negative-sequence
component variables, double synchronous reference frames are adopted in this chapter.
Under unbalanced conditions, a three-phase variable without zero-sequence component

can be decomposed as:

Fase (1) = Fane (1) + Fipe (1) (5.1)

where F

abc

(t) refers to the three-phase voltage or current, while F,;. and F,_ represent

the corresponding positive- and negative-sequence voltage or current components,

respectively.

Fig. 5.2 Vector F in the positive dg+ and negative dg- reference frames

It is convenient to model the converter by using a positive reference frame rotating at
the speed of @ and a negative reference frame rotating at the speed of —@ during grid
unbalanced conditions [149], [156], [157], which is displayed in Fig. 5.2. Thus, the
relationship between the representations of F in the dg+ and dg. reference frames can be
described as [149], [156], [157]:

(5.2)
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It is worth mentioning that the negative-sequence components will appear as double-
frequency components in the positive-sequence frame, and vice versa. Hence, notch
filters are commonly used to remove the double-frequency components to separate the
positive- and negative-sequence components from the measured variables of the VSC,

and the transfer function of a typical notch filter can be expressed as:

s°+4w}

G, (s)=
o (8) s?+4& s+4af

(5.3)

where s and &, are the Laplace operator and the damping ratio, respectively. a, isthe

nominal angular frequency of the network. After the separation of the positive- and
negative-sequence components, it is much more straightforward to control the positive-

and negative-sequence voltage and current independently.
5.2.2 Direct voltage control in the positive-sequence reference frame

Different from the direct voltage control loop in Chapter 4, the positive-sequence
converter filter bus dg-axes voltages are controlled through PI regulators, while the
negative-sequence dg-axes voltages are only determined by the negative-sequence
current controller when the network becomes unbalanced. Hence, the direct voltage
control dynamics in the positive-sequence dq reference frame can be expressed as:

v

convd

=k, (V' —Va ) +k, j (V' —Vai )dt— ol L, +V,, 54

convg —

Vo =Koy (Vor Vi )+, j (Vo™ =V )dt+ ol 4 Ly +V,,

where the variables with superscript “+” and “*” denote the positive-sequence
components and control orders for the direct voltage controller, respectively. Notch filters
can introduce magnitude error and phase shift to the original inputs, which can have
adverse impact on system performance. Thus, as seen in (5.4), the decoupling and
feedforward terms are not processed by the notch filters (i.e., the compensation terms
contain both positive and negative sequence components represented in the positive dq+
frame), which is to ensure accurate feedforward compensation. The control diagram of

the direct voltage controller is illustrated in Fig. 5.3.
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Fig. 5.3 Control diagram of the direct voltage controller

5.2.3 Adaptive power droop control in the positive-sequence reference frame

Vg V,

cq

V+

convd

V+

convg

As the voltage orders cha fed into the direct voltage controller in this chapter are in

the positive-sequence components, the active P* and reactive power Q" used in this

chapter are also measured in the positive-sequence components to avoid the adverse

impact of the second-harmonic components on the direct voltage controller during

unbalanced network conditions, which can be expressed as:

P =15Vl +Valy)

cq g

Q =15(Vyly —Vals)

cq-Id

(5.5)

Based on the principle of the adaptive power droop controller discussed in Chapter 4,

the expression of the adaptive power droop controller in the positive-sequence

components can be obtained as:

f*:

Vc;* =Vc(c)i B kq (Q* _QJr)

: Vi P

fO+k (P =P"), when —%4_ >
(P =P VY

£O4k (P"—%d__p*) when et < P
09V oV P
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The control diagram of the described adaptive power droop control can be displayed in
Fig. 5.4. In Chapter 4, the adaptive power droop control is mainly used for frequency and
active power regulation. In this chapter, the reactive power droop control loop plays the
main role in reactive power compensation for the GFM VSC to provide AC voltage
support on a weak network. When the connected AC grid becomes weak and delivered
active power is maintained at a high level (e.g. 1 pu), the converter will increase its

reactive power to support the converter output voltage for bulk active power generation.

Q* Vg
Qo é}» kq %
Vd 0
—d_pO___ -
0wV p, P/ » .
cd P > P f
| _ P
00—
P+ fO

Fig. 5.4 Diagram of the adaptive power droop control
5.2.4 PLL in the positive-sequence reference frame

Since there are two dqg reference frames used in this chapter, a notch filter is used in

PLL discussed in Chapter 4 as shown in Fig. 5.5 to extract the positive-sequence converter

filter bus voltage V., so as to estimate the phase angle @ and frequency f of the

network. According to Fig. 5.5, the frequency estimated by PLL can be expressed as:

f= 10 ko + ki [Vt (5.7)

ppll " cq i
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5.2.5 Frequency droop control in the positive-sequence reference frame

The frequency droop control discussed in Chapter 4 is developed to establish the
system frequency while islanding. However, the system frequency will be imposed by the
grid when the converter is grid connected. In this chapter, the frequency droop controller
depicted in Fig. 5.6 is used to build the link between the active power droop control loop
and g-axis direct voltage control loop as it can express the relationship between the
frequency and g-axis voltage, while the d-axis voltage order V_}" is produced by the
reactive power droop control loop directly. Considering the characteristics of the
frequency droop control discussed in Chapter 4, the g-axis positive-sequence voltage

order V, can be given by:
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V' =k (1) (5.8)
5.3 Enhanced AC fault current limit control

As discussed in Chapter 3 and Chapter 4, the absence of vector current control loop
during normal operation means that the converter needs to have additional controller to
ensure the capability of fault ride-through. Therefore, it is essential to develop an effective
AC fault current limit control for the GFM VSC. To ensure a stable operation on weak
networks, the current control loop should only work during fault conditions. A voltage
balancing controller is developed for overall fault current limiting, and meantime, to
retain the direct voltage controller. In addition, an enhanced dq current distribution is
employed to share the active and reactive current accordingly. To control the negative-

sequence fault currents, a negative-sequence current controller is also designed.
5.3.1 Voltage balancing control

In Chapter 4, the overcurrent limit controller is switched in instead of the reactive
power droop controller to limit the overall fault current once the voltage dip is greater
than 0.1 pu. However, the overall voltage dip can be smaller than 0.1 pu during
asymmetrical faults, during which the overcurrent limit controller will not be switched in.
This is not desirable for the converter as potential overcurrent may still occur. To address
this issue, the voltage balancing control is developed without control loop switching in
this chapter. The control method used in the voltage balancing control loop is similar to

the transient fault current limit controller discussed in Chapter 4.

As the overall fault current limiting has to consider both symmetrical and asymmetrical
AC faults, the current variables in this subsection are all derived from the abc-dq

transformation directly without notch filters. As shown in Fig. 5.7, the upper limit of the

saturation block is set to 1.2|1,|, where |l | refers to the current rating of the converter,

while considering 20% overloading capability. On normal operation, the voltage

balancing controller produces no response as the current is less than 1.2|I0|. When an

external AC fault occurs, the feedback signal will be saturated and fixed at the level of
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1.2|1,|, which will produce a correction voltage V., , through a proportional gain (droop)

k, to reduce the voltage order for fault current limiting. The mathematical expression of

the voltage balancing controller can be expressed as:
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Fig. 5.7 Diagram of voltage balancing control

During asymmetrical AC faults, both positive- and negative-sequence voltages exist,
which could potentially result in overvoltage on the healthy phases [158]. As the
converter output voltage fed into PWM is the sum of the positive- and negative-sequence
components produced by the direct voltage and negative-sequence current controllers (to
be introduced later in this chapter), the generated voltage control output could exceed the
converter voltage capability during asymmetrical AC faults while trying to control the
positive-sequence voltage at the converter filter bus at the nominal value [105]. This can
lead to over-modulation of the PWM block that degrades the controllability of the control
system [158]. To avoid the aforementioned overvoltage and over-modulation issues, the
d-axis voltage order at the converter filter bus is adjusted considering both positive- and

negative-sequence components as shown in Fig. 5.7, which can be expressed as:
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ch*k :ch* _Vcorrd _Vt; (510)

where V. refers to the converter filter bus voltage in the negative-sequence component,

and V.;" represents the adjusted d-axis voltage order. By applying (5.10), the d-axis

voltage order is reduced considering the presence of negative-sequence voltage, to avoid

potential overvoltage issue during asymmetrical faults.
5.3.2 Enhanced dq current distribution control

As no negative-sequence components exist during symmetrical AC fault, the current
variables in this subsection are also all derived from the abc-dq transformation without
notch filters.

On grid connected operation, the VSC is required to distribute the active and reactive
current as required in grid code during an external AC fault. As explained in Chapter 4,
the so-called “cross-coupling” control can be used to regulate the active and reactive
current on the direct voltage control loop. On normal operation, the discussed dq current
distribution controller in Chapter 4 still produces unnecessary responses for the converter

due to the mismatch between the current orders and measured current as the reactive

current order I,’; is always dependent on the voltage error AV, according to (4.11). This

will not be a problem if the network is strong due to the compensation of the direct voltage
controller. However, system stability may be affected when the grid becomes weak, as
the external voltage is likely to see high variation which can lead the dq current
distribution controller to adversely affect the operation of the direct voltage controller,
which will be validated by simulation results in the later section. In addition, the
interference existing in voltage and current between the d- and g-axis can lead to an
unsatisfactory dynamic performance on a weak network [154]. To cope with this

interference, an enhanced dq current distribution control is proposed.
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Fig. 5.8 Circuit of a voltage source passing a RL impedance

For the simple circuit shown in Fig. 5.8, the voltage drop between the voltage source

and the terminal can be expressed as [80]:

Vig Vig Vag R -olL| |
{vvj{vlq}{vzq}{a)l_ R Mq} (5.11)

where V.., 1y, V,qq @nd V., represent the source voltage, output current, terminal

1dq !

voltage and voltage drop across the RL in the dq reference frame, respectively.

By linearising (5.11), the expression of the voltage drop deviation can be obtained as:

AV,4 B R -—wlL || Al 1
AV, | |oL R Al (5.12)
where AV, and Al refer to the deviation of voltage drop and current flow in the dqg

reference frame, respectively. According to (5.12), the transient voltage drop can be
controlled by regulating the current flowing through a virtual RL impedance. Thus, the
control dynamics of the enhanced dq current distribution controller in the dq reference

frame for the VSC shown in Fig. 5.1 can be expressed as:

-V, :kl(llti _lld)_kZ(IL_l'q)

Vy =k (1 =1 )+ Ky (1= 1) (613)

where V; and V, represent the compensating voltage in the dq reference frame, which

will be fed to V4 and V. respectively. k; and k, refer to the proportional gains of

the enhanced dqg current distribution controller, which are equivalent to the virtual
impedance oL and R illustrated in (5.12). The control diagram of the enhanced dq

current distribution controller is displayed in Fig. 5.9. The current orders 1, and I, in

(5.13) are given by:
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where K, is the proportional gain for the reactive current order.
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Fig. 5.9 Diagram of the enhanced dq current distribution control

On normal operation, the difference between the nominal voltage magnitude V3 of the
network and the measured positive-sequence d-axis voltage V; is negligible (much
smaller than 0.1 pu), which makes the current orders I,, and I,’; equivalent to the

measured current 1, and |, respectively. This means that the enhanced dq current

Ig *
distribution controller produces no response and has no impact on the system dynamics.
The fault current limiting will be accommodated by the voltage balancing controller if
there is a fault with a small voltage dip (less than 0.1 pu). In the event of a severe external
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AC fault with a significant voltage dip (larger than 0.1 pu), the converter output current

will be greater than 1.2 pu, which will lead to new current orders 1, and I,*q produced
according to (5.14), while the actual current I, and I,, will track the relevant orders
through the enhanced dq current distribution controller. As 1,; and 1, are not processed

by the notch filter, negative-sequence components will exist in I, and I, during

asymmetrical faults. This means that the enhanced dq current distribution controller will

also have impact on the negative-sequence components.

Different from the dq current distribution controller described in Chapter 4, the
enhanced dq current distribution controller completely stops working on normal operation
to avoid unstable issues, and automatically changes the current orders to trigger the
operation during faults. Compared to the method of switching to a separated current
control loop, the enhanced dq current distribution controller produces additional voltage
components in the d- and g-axis to retain the AC voltage controller, rather than a simple
control mode switching which may cause system instability, especially during the mode
switching transients. Furthermore, it eliminates the interference existing in current

between the d- and g-axis to ensure a stable operation during faults.

5.3.3 Negative-sequence current control

When the system suffers from an asymmetrical AC fault, the measured currents 1,
and I, will contain negative-sequence current components which appear as second-order

(double-frequency) harmonics on the positive-sequence reference frame. As the existing
dg current distribution controller does not specifically target the negative-sequence
current, the negative-sequence fault current cannot be precisely controlled. To ensure the
adequate control of the negative-sequence current, a separate negative-sequence current

controller is designed as displayed in Fig. 5.10.
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Fig. 5.10 Diagram of the negative-sequence current control

As depicted in Fig. 5.10, the overall control strategy of the negative-sequence current

controller employs a proportional gain to ensure the negative-sequence dg-axes current

(Igand 1) to track the pre-set values in the event of an asymmetrical AC fault. Hence,

the principle of the negative-sequence current control can be expressed as:

o = Ks (1 = 1ig )+ oL 1y +Vg

covd — f'lg

o =Ks (1 = 1ig ) — oL 1y +Vyg

convg

(5.15)

where V_,

4+ lg and 1, represent the negative-sequence measured converter filter bus

voltage, reference and measured converter output currents, respectively. k, is the
proportional gain for the negative-sequence current controller. V,, and V. refer to

the measured negative sequence converter output voltage, which will be combined with

Ve and Ve, to form the reference voltage for the PWM modulator as displayed in Fig.
5.1. It should be noted that adding separated negative-sequence decoupling terms wl 1,

and feedforward terms V_,

g Can potentially affect the stability of the converter due to the

adverse effects brought by the notch filters [159], [160]. As V4, and V,

convdq

are added
to form the overall output voltage, the decoupling terms wL, I,;, and feedforward terms

V4 €an be included in the existing direct voltage control loop. As displayed in Fig. 5.3,
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the decoupling wL,l,,, and feedforward terms V ,, on the direct voltage control covers

both positive- and negative-sequence components. Thus, there is no need to add separated
negative-sequence compensation here, and the negative-sequence current controller can

be simply expressed as:

Voot =Ky (h?f —ly )

) (5.16)
c;nvq = kS(II; - I(q)

As aforementioned, the enhanced dqg current distribution controller impacts on the

negative-sequence current, and thus, the proportional gain k, used in the negative-
sequence current controller needs to be larger than the proportional gains k; and k, used

in the enhanced dq current distribution controller, to ensure the negative-sequence dg-

axes current to follow the pre-set current orders effectively.

As negative-sequence current may be needed for fault detection, the profile of the

negative-sequence current orders I, and I,;* can be given by:

[, v <0.apu
“o2i], v, =0.1pu

(5.17)
e V., <0.1pu
" 0217, v, 2 0.1pu

During normal network conditions, negative-sequence voltage will be very small, i.e.,

c

V_is less than 0.1 pu. Thus, the negative-sequence current orders I, and I, are

equivalent to the measured negative-sequence current |5 and I, . This means that the

negative-sequence current controller will be deactivated and have no impact on the

system dynamics. However, during an asymmetrical AC fault, V" will be greater than

0.1 pu, which will cause the negative-sequence current orders I, and Ih‘; to be

transferred to O.Z‘I,o‘ in this example. The current orders can be set at any desired level

according to the different requirements of fault detection, and the need of the connected
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power network. Then the negative-sequence current controller will regulate the negative

sequence current to track the new current order of O.Z‘If" .

5.4 Simulation results

To verify the feasibility of the proposed control strategy, the overall system shown in
Fig. 5.1 is implemented for time-domain simulations in MATLAB/Simulink. The GFM
VSC is connected to a weak network with an SCR of 2 (based on 100 MW), and is
subjected to temporary symmetrical and asymmetrical AC faults F as shownin Fig. 5.11.
A timed fault logic component is used to automatically apply the faults with a fault

resistance of 0.4 Q. The DC side of the GFM VSC is connected to a constant DC source
with a DC voltage of V.. A detailed switching model in MATLAB/Simulink is used. The

system and control parameters are depicted in Table 5.1.

V I I V RS LS VS

Vdc J__ );;nv e c
L L ¢ 1— =

Fig. 5.11 System configuration of the GFM VSC with an external AC fault
5.4.1 Symmetrical AC fault (three-phase-to-ground fault)

To validate the ability of symmetrical fault ride-through of the proposed controller, a
three-phase-to-ground fault is applied at the location of F at 1.5sand is cleared at 1.8 s.
Prior to the fault, the converter exports 100 MW (1 pu) active power to the AC system
while the reactive power is around 0 MVar. The simulation results are illustrated in Fig.
5.12.
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Table 5.1 System and control parameters

System parameters

Nominal AC voltage (L-L RMS)

110 kV
Nominal frequency a, ( f°) 100z rad/s (50 Hz)
Based Power 100 MW
AC network SCR 2
Converter DC voltage V. 100 kV
Converter power rating 100 MW
Converter reactance L, 0.2 pu
Filter capacitance C 0.15pu

Transformer (Y/Y), inductance L,

55/110 kV, 0.05 pu

Control parameters of the GFM VSC (pu)

Proportional gain k

opll 2.032
PLL
Integral gain ki, 314.159
Active Power reference P~ 1
Power droop Reactive power reference Q 0
control Active power droop coefficient K, 0.02
Reactive power droop coefficient K, 0.01
Frequency droop Droop coefficient k, 0.902
control
Direct voltage Proportional gain k, 0.9
control Integral gain k;, 40
Voltage balancing Proportional gain k, 8.265
control
Reactive current order gain K, -1.4
Enhanced dq
current distribution Proportional gain k; 0.3
control - -
Proportional gain K, 0.3
Negative-sequence Proportional gain K, 0.8
current control
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Fig. 5.12 Waveforms of three-phase-to-ground fault: (a) Converter filter bus voltage (b)
Converter output current (c) Delivered power (d) d-axis converter filter bus voltage (e) g-
axis converter filter bus voltage (f) d-axis converter output current (g) g-axis converter

output current
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As shown in Fig. 5.12 (a) and (b), the converter filter bus voltage collapses to almost
zero during the fault, while the fault current is largely limited to 1.3 pu through the voltage
balancing controller. The overall fault current level is a bit higher than the pre-set level
1.2 pu, which is caused by only using a proportional gain/droop in the voltage balancing
controller. As the fault is very severe and the converter filter bus voltage collapses during
the fault, there is no power exported from the system. Hence, both active and reactive
power drop to 0, which can be seen in Fig. 5.12 (c). After the fault initiation, the active

power droop controller sets the active power order according to the voltage level as given
in (5.6). The positive-sequence d-axis voltage V,; drops to around 0 during to the fault,

which causes the active power order to be 0. Thus, the positive-sequence g-axis voltage

V,, can remain at 0 due to the effective operation of the active power droop controller

and the PLL. According to (5.13) and (5.14), the enhanced dq current controller makes

the reactive current I, quickly go to around -1.25 pu whereas the active current I, is

finally limited at 0.25 pu to avoid the overcurrent damage of the converter, as depicted in
Fig. 5.12 (f) and (g). After the clearance of the fault, the converter filter bus voltage,
output current and delivered active power recover go back quickly to 1 pu after a short

period.

Fig. 5.13 presents the waveforms during a three-phase-to-ground fault using the dq
current distribution controller introduced in Chapter 4. It can be seen that both the
converter filter bus voltage and output current are distorted (unstable) on normal
operation, as shown in Fig. 5.13 (a) and (b), which is caused by control conflict between
the dq current distribution controller and the direct voltage controller. The undesirable
operation of the dq current distribution controller adversely interferes with the
performance of the direct voltage controller. This can be avoided by the proposed
enhanced dq current distribution controller that equalises the current orders and measured
currents, as shown in Fig. 5.12. As shown in Fig. 5.13 (¢)-(g), the voltage and current
experience severe oscillations during the fault, which are damped with the proposed
enhanced dq current distribution controller to mitigate the interference existing in voltage

and current between the d- and g-axis.
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Fig. 5.13 Waveforms of three-phase to ground fault with the dq current distribution
controller in Chapter 4 (a) Converter filter bus voltage (b) Converter output current (c)
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By comparing the simulation results depicted in Fig. 5.12 and Fig. 5.13, it verifies that
the enhanced dq current distribution and voltage balancing controller can adequately limit

the fault current and distribute the active and reactive current accordingly.
5.4.2 Asymmetrical AC faults

To test the ability of asymmetrical fault ride-through of the proposed controller, three
categories of asymmetrical faults are tested and illustrated including single-phase-to-

ground fault, phase-phase-to-ground fault and phase-to-phase fault.
A. Single-phase-to-ground fault

Fig. 5.14 shows the simulation waveforms during a single-phase-to-ground fault at the
location of F . In this scenario, phase A is short-circuited to ground from 2 sto 2.3 s. As
shown in Fig. 5.14 (a), phase A of the converter filter bus voltage drops significantly due
to the fault. In addition, the d-axis voltage order in the positive-sequence dq frame is

reduced by the voltage balancing control and voltage adjustment as given in (5.10), which
leads V; dropsto 0.7 pu as depicted in Fig. 5.14 (c). Due to the voltage adjustment, there

is no significant overvoltage on the healthy phase of the converter filter bus voltage. As

shown in Fig. 5.14 (b), the fault current is largely limited at 1.2 pu with a transient current
spike at 1.4 pu. During the fault, V,;, remains at 0 pu by PLL to maintain the frequency at
the grid level, as shown in Fig. 5.14 (d). As illustrated in Fig. 5.14 (e) and (f), the dg-axes
currents in the positive-sequence components (1, and 1) are shared at 0.9 pu and -0.2
pu respectively, which is resulted from the effective operation of the enhanced dq current
distribution controller as given in (5.14). As shown in Fig. 5.14 (e) and (f), the negative-
sequence current controller regulates the negative-sequence currents (1, and 1) at the
pre-set level of 0.2 pu, to actively provide negative-sequence fault currents to the network

(e.g., for fault detection). As the negative-sequence voltage is controlled through the

negative-sequence current controller, the dg-axes voltages in the negative-sequence

components (V, and V) go to -0.3 pu and -0.05 pu, respectively.
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Fig. 5.14 Waveforms of single-phase-to-ground fault (a) Converter filter bus voltage (b)
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To validate the importance and necessity of the employment of the negative-sequence
current controller during asymmetrical faults, the converter is tested without the negative-
sequence current controller in the event of a single-phase-to-ground fault. The simulation
results are displayed in Fig. 5.15. As seen, without the negative-sequence current
controller, the negative-sequence currents cannot be controlled, which also causes the
divergences of the positive-sequence currents, and the positive- and negative-sequence
voltages. The converter tends to become unstable, which indicates the significance of
controlling the negative-sequence currents when the system is subject to an asymmetrical
AC fault.

B. Phase-phase-to-ground fault

Fig. 5.16 displays the simulation waveforms during phase-phase-to-ground fault at the
location of F . In this case, phases A and B of the network are short-circuited to ground
at 2.5 s with a fault duration of 0.3 s. As depicted from Fig. 5.16 (a), the healthy phase
(phase C) drops to about 0.85 pu whereas phase A and B reduce significantly after the
fault initiation. As shown in Fig. 5.16 (c) and (d), the adjusted d-axis order and PLL drive

Vg and V to be 0.5 pu and 0 pu respectively by the direct voltage controller during the

fault, while the V, and V,, go to -0.2 pu and 0.35 pu respectively. The peak fault current

of the faulted phases is limited at 1.3 pu by the voltage balancing controller, as displayed
in Fig. 5.16 (b). Fig. 5.16 (e) and () illustrate the simulation waveforms of the positive-
and negative-sequence currents. The negative-sequence dg-axes currents are also
controlled at the reference level 0.2 pu according to the negative-sequence current
controller as given in (5.17). Additionally, the enhanced dq current distribution controller
effectively distributes the positive-sequence dg-axes currents at 0.7 pu and -0.9 pu by

following the current orders given in (5.14).
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C. Phase-to-phase fault

In this scenario, phases A and B of the network are short-circuited to each other at the

location of F from 3 s to 3.3 s. Fig. 5.17 shows the simulation waveforms during the

phase-to-phase fault.
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Fig. 5.17 Waveforms of phase to phase fault (a) Converter filter bus voltage (b) Converter
output current (c) d-axis converter filter bus voltage (d) g-axis converter filter bus voltage

(e) d-axis converter output current (f) g-axis converter output current
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As can be seen from Fig. 5.17 (a), the healthy phase (phase C) stays at 1 pu whereas
the unhealthy phases (phase A and B) have significant voltage dip due to the fault. The

adjusted voltage order as given in (5.10) is followed by the direct voltage controller to
control V; at 0.5 pu, while PLL effectively forces V,; at 0 pu, as illustrated in Fig. 5.17
(c) and (d). According to Fig. 5.17 (b), (e) and (f), the overall fault current is largely
limited at 1.3 pu by using the voltage balancing controller, while the positive-sequence

dg-axes currents (I and 1) are distributed at 1.05 pu and -0.25 pu respectively by the

enhanced dq current distribution controller. According to (5.14), the reactive current

order I,’; depends on the voltage drop corresponding to the nominal positive- and

negative-sequence voltages. With the positive- and negative-sequence voltages going to

0.5 pu and 0.45 pu respectively, the reactive current order I,’; becomes small, hence a low

positive-sequence reactive current |, to prevent over-voltage on the healthy phase. In

addition, the negative-sequence dg-axes currents are effectively controlled at 0.2 pu by
the negative-sequence current controller. Through regulating the negative-sequence dg-
axes currents, the negative-sequence dg-axes voltages go to -0.25 pu and 0.4 pu
respectively, as shown in Fig. 5.17 (c) and (d).

The simulation results for all the three categories of asymmetrical AC faults validate
that the proposed negative-sequence current controller can effectively control the
negative-sequence dg-axes currents during asymmetrical faults, while the overall fault
current limiting and sharing of positive-sequence dg-axes currents can be adequately
accomplished by the proposed voltage balancing controller with adjusted d-axis voltage
order and enhanced dq current distribution controller.

5.5 Summary

In this chapter, the GFM control strategy proposed in Chapter 4 is improved to ensure
stable operation when connected to a weak grid and effective AC fault current limit
control during both symmetrical and asymmetrical AC faults. Additional voltage
balancing, enhanced dq current distribution and negative-sequence current control are

proposed. The control system uses double synchronous reference frames to realise the
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separated control of positive- and negative-sequence components during asymmetrical
faults. To cater for various AC faults, the voltage balancing control loop is adopted
instead of the overcurrent limit controller to retain the AC voltage controller for overall
fault current limiting. To avoid overvoltage and over-modulations during asymmetrical
faults, an adjusted voltage order is used to reduce the d-axis voltage reference. As the dq
current distribution controller used in Chapter 4 can affect GFM operation during normal
condition when the network becomes weak, it is replaced by the proposed enhanced dq
current distribution control loop to ensure the sharing of the active and reactive current
during symmetrical AC faults. To precisely control the fault current during asymmetrical
faults, a negative-sequence current control strategy is proposed. The viability of the
proposed control strategy has been confirmed using the time-domain simulations in
MATLAB/Simulink environment.
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Chapter 6 Stability analysis of grid-forming and grid-

following VSCs integrated to weak networks

In this chapter, the small signal model of the GFM VSC based on the control strategy
introduced in Chapter 5 is developed. By applying the impedance-based method
introduced in Chapter 2, the admittance of the GFM VSC in the system dq reference frame
is derived, and then transformed into the admittance in the positive- and negative-
sequence (pn) reference frame by applying the method in [114], [161], [162] to simplify
the stability analysis. Based on the converter admittances in the pn reference frame, the
stabilities of the GFM VSC and GFL VSC on weak networks are compared according to
the Nyquist stability criterion and time-domain simulations. The effectiveness and
accuracy of the grid-supporting function for the GFM VSC and GFL VSC are verified by
frequency-domain analysis and time-domain simulations in MATLAB/Simulink

environment.
6.1 Admittance of the proposed GFM VSC

As presented in Chapter 5, the control system of the GFM includes the adaptive power
control, direct voltage control, PLL based frequency droop control and AC fault current
limit control. On normal operation, the enhanced AC fault current limit controller
produces no response and has no impact on the entire control system. In addition, as the
active power order will not hit the upper limit of the dynamic saturation block shown in
Fig. 5.4 during a small voltage perturbation, the outer loop can be simplified into a
conventional power droop control loop. Thus, the overall system control scheme can be
simplified into Fig. 6.1 for the purpose of small signal stability analysis. The voltage
variation of the VSC at the DC side is also neglected. In order to conduct the stability
analysis and control design in the frequency-domain, nonlinear systems have to be
linearised firstly [114], [163], [164]. Based on the linearised system, the small signal
model and admittance of the VSC including the controller and impedance of the filter and
transformer can be derived. It should be noted that the general GFM schemes in Chapter

4 and Chapter 5 are generally similar except notch filters used in Chapter 5 to extract the
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positive- and negative-sequence components. As mentioned in Chapter 5, notch filters
can adversely impact the system response, hence the system stability. In this context, the

small signal stability of the model for Chapter 5 is only investigated in this chapter.

J__ V., PQ | V.26 L R, L V.
Vae —H—=—=>=>——(())
T s
yy 0—> abcdq = abcdq >l Notch filter =
V. N
V3 L Ve
NF: T 0 Va  [pLLF—>0

convg

Ve

q
Fig. 6.1 The control configuration of GFM VSC
6.1.1 Admittance in the dq reference frame

As mentioned in Chapter 4 and Chapter 5, PLL is adopted for the proposed GFM VSC
to synchronise with the AC grid. Due to the use of PLL, there are two reference frames
existing in the system as shown in Fig. 6.2. One is the system dq reference frame (with
the superscript “s” displayed in Fig. 6.2), and the other is the controller dq reference frame
(without the superscript “s” depicted in Fig. 6.2) [114], [124], [165]. The controller dq
reference frame is defined by PLL, which is used for the estimation of the grid parameters
to find the position of the system dq reference frame. In this chapter, the variables with

the superscript “s” are in the system dq reference frame, while V., 1, and V. are

the converter filter bus voltage, converter output current and voltage in the controller dg

reference frame.
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dS

Fig. 6.2 System and controller dq reference frame

In steady-state, the controller dq reference frame is aligned with the system dq
reference frame. When a small signal perturbation occurs on the grid voltage, the position
of system dq reference frame is changed, which causes the controller dq reference frame
to be mis-aligned with the system dq reference frame due to the PLL dynamics [124],
[166]. Hence, an angular position error A9 between the two reference frames appears, as

shown in Fig. 6.2. The small signal model of PLL can be depicted in Fig. 6.3.

w |

AV? Notch filter PI »AO

cq
Vil

Fig. 6.3 Small signal model of PLL

According to Fig. 6.3, the transfer function of PLL based on small signal model can

be expressed as:

AO = A(wt) = AQRr ft) =G, (S) AV, (6.1)

where G, (S) represents the closed loop transfer function of PLL, given by:

pll

an (S) (kpplls + kipII )
Vs + Gy (5) (Vo Koo S +Vekin )

cd Nipll

Gpll (5) =

(6.2)

where k., and k;;, are the proportional and integral gains of the PLL. G (s) represents

the transfer function of the notch filter, which was introduced in Chapter 5.

The dynamics of the GFM VSC for the circuit shown in Fig. 6.1 in the system dqg

reference frame can be expressed as:
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S VS IS _I S
l: C:m/d}_{ Cg}:Lfg{ Ig}‘a’ol—{ slq} (6.3)
convq ch dt I Ig I Id

where V. and I, represent the converter output voltage, converter filter bus

S
convdq ! Vcd

q

voltage and converter output current in the system dq reference frame.

Based on (6.3), the linearised small signal model of the system depicted in Fig. 6.1 can

AV? AV? L.s —-al. ||Aid
csonvd _ <;d — f 0-f -I;J (64)
AVeng | | AV oy Lys || Aip
AV?

wq and Aig, are the disturbance (small signal) variables of the

be derived as:

where AV?

convdq !

converter output voltage, converter filter bus voltage, converter output current in the dq

reference of the system, respectively.

In steady-state, the converter filter bus voltages V,, and V., in the controller dq

reference frame determined by the PLL equal to the corresponding V; and Vg, in the
system dq reference frame, which can be given by [124], [161], [167], [168]:
V, cos(0) sin(0) (| V]
= (0) sin(0) ’ (6.5)
Vi | | —sin(0) cos(0) ||V,

However, the small voltage perturbations Avy, and Avg, existed at the converter filter

bus will cause PLL to extract an angle deviation A@ as previously introduced. This will
affect the frame transformation for voltage and current. The relationship of the converter

filter bus voltages of the two reference frames can be written as:

(6.6)

{Vcd +Av, } { cos(0+A0) sin(O+A9)}{VC§ +Av§d}

Vg 7AV, | | —sin(0+A8) cos(0+A0) || Vg + AV,

As introduced in Chapter 3, sinA@ =~ A@ and cos A& ~1 when the angle deviation A&

is small. By subtracting the steady-state components in (6.5), (6.6) can be rewritten as:
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{Avﬂ [Avgd AN +A6‘Avjq} 6

AVy || AV, — AV —AOAV,

By eliminating the second order terms A6Av,, and A6Av, (6.7) can be simplified as:

AVey | | Avgy + AV 6.8
AV, || AV, — AV (68)

Regarding (6.1), the voltage perturbations in the controller dq reference frame can be

rearranged as:

|:Avcd :| _ 1 VCZGpll (S) AVcsd (6 9)
Ach 01 _ch G pll (S) AVSq .
In a similar way, the current perturbations in the controller dq reference frame can be
obtained as:
Ai Aib, +AO1? 0 1.G,,(s) || AV A}
.Id — .I;j Isq — IqS pll( ) (;d + .Isd (610)
Aly, Aiy, + A0, 0 -I,G,, (s) Avg, Aly,

In the same way, the small signal of the converter output voltage references produced

by the direct voltage controller in the system dq reference frame can be derived as:

AVcsonvd _ AVconvd _Agvcfqu _ 0 _ch)nqupll(S) AVcsd n AVCOHVd (6 1 1)
AVing | | AVigng TAV,; 0 VG (s) || AV | | AVeong '

convq convd convd

A AV; Ai AR
Defining matrices: Av, = Ve | A= Ai, = WA=
Av, Av Al Al

cq cq

AV _ Vconvd AVS — AV(fanvd A: 1 chGpII (S) B= 0 IIszII (S)
S WY Y A | 0 1-ViG,(9) | 0 —15G,(s) |

convg convg
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0 VG () Ls -al
E= e P and z=| =t | (6.4), (6.9), (6.10) and (6.11) can be
I:O VconvdeII (S) } a)o Lf I—fS

rewritten as:

AV, — AV, = ZAi} (6.12)
AV, = AAVS (6.13)

Ai, = BAV; +Ai} (6.14)
AV, =—EAV +Av; (6.15)

Considering that the GFM VSC is controlled by the direct voltage control loop, the

matrices of the PI regulators and decoupling terms in the controller can be defined as:

(Koo +Ky ) /s 0
V= (6.16)
0 (Ko +Ky, )/ s
D 0 -ol,
=lwl 0 (6.17)

The relationship between Vv

Vc; - N Vcd bv defini N = an(s) 0
v =Ny y defining N = 0 G, (s) (6.18)

cq cq

and V,,, can be expressed as:

Thus, by linearising (6.18), the small perturbation of the positive-sequence component

voltage in the controller dq reference frame can be obtained as:

AV, AV,
{ C}:N{ }:NAVC (6.19)

N
Avg, Av,,

where Avy, and Av,, represent the positive-sequence component voltage deviations in

the controller dq reference frame at the converter filter bus.
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The time delay T, caused by the adoption of digital control method and PWM is
introduced, which can be defined as [114], [118], [120], [165]:
~ 1/(1+0.5Tds) 0

F=
0 1/(1+0.5T,s) (6.20)

where T, is set at one (for PWM delay) and half (for control loop sampling rate) of the
PWM duty circle T, (i.e. 0.4 ms), hence 0.6 ms in this chapter. It is worth mentioning

that the change caused by the digital control method and PWM takes effect right away

but occurs over the full time T, so 0.5T, is taken here as the average delay.

Hence, by assuming constant voltage orders V_i" and V..

« » the small perturbation of the

converter output voltage in the dq reference frame of the controller can be obtained as:

AV, =F(=VNAv, + DA, +Av,) (6.21)

conv

Considering (6.12)-(6.21), the small signal admittance of the GFM VSC with constant

voltage orders V_;" and ch* in the system dq reference frame can be derived as:

v __Ai _-FVAN+FDB+FA+E-|
e Av® -Z+FD

c

(6.22)

VvsC

10
where | is the identity matrix that can be defined as [0 J. Y. can be represented by

four elements (Y4 (S) ) Yieaq (8) + Yoseqa (8) @Nd Y, (S) ) in @ matrix as:

scqd scqq

YVSC _ |:szcdd (S) szcdq (S):| (623)

- szch (S) szcqq (S)

As the voltage orders V., and VC;* shown in Fig. 6.1 are determined by the outer

controllers including the frequency droop and power droop controller, the corresponding

outer controllers can impact on the voltage orders, and hence the entire control system.

The frequency droop controller as shown in Fig. 6.1 can be linearised as:
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AVl =k, (Af"—Af) (6.24)
In the same way, (6.1) can be linearised as:

_ $+Gyi ()
2r

Af (6.25)

When the positive-sequence g-axis voltage order Vc;* is given by the frequency droop
controller with a constant frequency reference f*, and the positive-sequence d-axis

voltage order V. is fixed, which gives Af” =0 and Av), =0, the small signal

perturbations of the voltage orders can be derived as:

AV |1 010 0 AV,
- | = s (6.26)
AV, 0 ki ||0 s:G(s)/ 27 || AV,
As discussed in Chapter 5, the instantaneous power in the positive-sequence

component generated from the GFM VSC can be expressed in the controller dq reference

frame as:
P =15(Vy 1y +Valy) (6.27)
Q" =15(Vly —Vasls) (6.28)

By linearising (6.27) and (6.28), the expression of the active and reactive power

deviations (AP and AQ™") can be derived as:
-AQ"* _ 151 =151 || Avy N L5V L5V || Aig (6.29)
—AP” =151 1517 | Avg =15V L5V || Aig '

where Aiy and Ai; represent the converter output current deviations in the positive-

sequence component in the controller dq reference frame. Vg and 1, refer to the

steady-state converter filter bus voltage and output current in the positive-sequence

component in the system dq reference frame.
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The power droop controller shown in Fig. 6.1 can be linearised as:
AV =k, (-AQ") (6.30)
Af" =k, (-AP") (6.31)

According to (6.25)-(6.31), when the voltage orders are controlled by the power droop

and frequency droop controllers, the deviations of the voltage orders Av;, and Avgq* can

be expressed as:

AV |1t 0 —k, 0] -aQ"| [1 00 0 AV, 6.3
i\ 10 k|| O Ko || =AP* | |0 K¢ ||0 s:G(s)/ 27 || Avg, (6.32)
The relationship between Aiy, and Ai, is similar to (6.18), which can be expressed

as:

Al Al _
LF } = N{Ai } = NAi, (6.33)
Iq Iq

Sefin &, 0] s wsvg ] [y sy
eHning K{o kj’ YA RN Vick IR P W TP Wbl

0 0 1 0 . .
P= and G = , the total small signal admittance of the GFM
0 sG(s)/2rx 0 k;

VSC with PLL and the outer controllers can be derived as:

vy - FVGKVBN + FVGKCAN -FVKP -FVAN+FDB+FA+E -1

VsC (6 ) 34)
~Z+FD+FVGKVN

where the calculated admittance Y,

vsc

of the GFM VSC represents the part within the

boxed formed by the red dotted lines, as illustrated in Fig. 6.4.
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Fig. 6.4 Schematics of the admittance calculated by the small signal model
6.1.2 Admittance in the pn reference frame

As investigated in [169], [170], the dg impedance method is better suited for modelling.
Nevertheless, it is complicated for stability analysis as there is frequency transformation
in the dq impedance method [114], [118], [124], [165], [171]. Thus, the admittance in the
dg reference frame is transformed into the pn reference frame to build a more
straightforward model in a common frame [172], which is also easier to combine with the
grid impedance [171]. According to [114], [162], [171], [173], the small signal
admittance of the GFM VSC depicted in (6.34) can be transformed in the pn reference

frame as:
1 . . . .
szcpp (S) = E (szcdd (S - Ja)o) +szcqq (S - Ja)o) +szch (S - Ja)o) _szcdq (S - on)) (635)

1 . . . .
Y (S) = E(szcdd (S + Ja)o) _szcqq (S + on) +szch (S + Ja)o) +szcdq (S + Ja’o)) (636)

vscpp

1 . . . .
szcpp (S) = E (szcdd (S - Ja)o) _szcqq (S - Ja)o) _szch (S - Ja)o) _szcdq (S - Ja)o)) (637)

1 . . . .
szcpp (S) = E(szcdd (S + Ja)o) +szcqq (S + Ja’o) _szch (S + Ja’o) +szcdq (S + Ja)o)) (638)

Y _ szcpp (S) szcpn (S)
SN TY L 5-2(@) Y (S—2j@,)

vscnn

(6.39)
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where Y,y 1S the small signal admittance of the GFM VSC in the pn reference frame.
Yosepo (8) + Yisepn (8) + Yeeenp (8= 2]jay,) and Y, (S—2]e,) are the four elements of the

matrix shown in (6.39).
6.1.3 Validation of analytical admittance for the GFM VSC

To verify the accuracy of the small signal admittance of the GFM VSC calculated by
the method discussed previously, a time-domain model using the control system shown
in Fig. 6.1 is established in MATLAB/Simulink. The system and control parameters are
depicted in Table 6.1. By adopting the admittance measuring method in time-domain
introduced in [114], the admittance in time-domain simulation can be extracted. The GFM
VSC is set to export 1 pu active power into the AC grid with an SCR of 2. As the
impedance of both the capacitor and transformer can also impact on the total admittance

of the system, the final admittance in the pn reference frame Y, .\, calculated for the

small signal model covers the impedance of the capacitor and transformer, which is the
part within the boxed formed by the blue dotted line, as depicted in Fig. 6.5.

l --------------------------------- ' YvscPNT

I I

! V.., PQ I, Vo L. R LV
vt —> — @ '

i i il | .
| |

! Controller :

I

Fig. 6.5 Schematics of the final admittance calculated by the small signal model
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Table 6.1 System and control parameters

System parameters

DC voltage V. 100 kV
Power rating 500 MW
SCR 2
Nominal frequency @, ( f°) 100 7z rad/s (50 Hz)
Converter reactance L, 0.2 pu
Filter capacitance C 0.15pu
Transformer (Y/Y), inductance L, 55/110 kV, 0.05 pu
Control parameters of the GFM VSC (pu)
Proportional gain k 1
PLL :
Integral gain k,, 78.54
Active power order P” 1
reactive power order Q” 0
Power droop control ) .
Active power droop coefficient k| 0.02
Reactive power droop coefficient k, 0.02
Frequency droop Droop coefficient k, 1.65
control
Proportional gain k, 1.08
Direct voltage control
Integral gain K, 9.6

Fig. 6.6 compares the admittances calculated using the analytical method and those
measured from the time-domain simulation model, where the pink line denotes the
analytical admittance and the red asterisks represent the measured admittance from the
time-domain model. As displayed in Fig. 6.6, the admittances of the two models match
each other very well. This indicates that the admittance calculated by the small signal

analytical model are accurate and effective.
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Fig. 6.6 Converter admittances of analytical model and time-domain model for the GFM

VSC with P and Q control

The GFM VSC depicted in Fig. 6.1 has an outer control loops with P and Q control.

Further studies using an outer control loop with P and AC voltage control (i.e., removal

of the Q controller) are carried out as shown in Fig. 6.7. Using the same system and
control parameters as in Fig. 6.1 and Table 6.1, the comparison of the small signal
admittance Y,y and the time-domain model admittance for the GFM with P and AC
voltage control loop is illustrated in Fig. 6.8. As seen, the admittances match well, which

validates the accuracy of the small signal model.

132



> Notch filter =

V +
- l+ VV «
Ve PLL >0

Veq

Fig. 6.7 The control configuration of the GFM VSC with P and voltage magnitude control

Comparing the admittances shown in Fig. 6.6 and Fig. 6.8, it can be seen that the
removal of the outer Q control loop does not have much impact on the admittances of
the system. It is also clear that in the low frequency range, e.g., below 100 Hz, the system

admittances (especially the Y ) largely resemble the physical inductance of the converter

system (with the admittance angle close to -90 degrees) as the GFM behaves as an internal

voltage source behind an inductance.
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Fig. 6.8 Converter admittances of analytical model and time-domain model for the GFM
VSC with P and AC voltage control

6.2 Admittance of the GFL VSC

As presented in Chapter 3, the general control system of the GFL VVSC includes the AC
voltage control and vector current control. By using the small signal model of the GFL

built in [114], [161], [167], the analytical admittance Y, .\p; In the pn reference frame

of the GFL VSC covering the impedance of the filter capacitor and transformer as shown
in the pink boxed part of Fig. 6.9 can be obtained. To verify the accuracy of the analytical

admittance Y p\r, @ time-domain model of the system using model of Fig. 6.9 is also

builtin MATLAB/Simulink, so the admittance can be measured. Same as the GFM cases,
the GFL VSC transmits 1 pu active power to the AC grid with an SCR of 2. The DC
voltage, power rating, LC filter, grid strength and transformer of the GFL VSC remain
the same as those of the GFM VSC, while the system and control parameters are displayed
in Table 6.2.
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Fig. 6.9 System configuration of the GFL VVSC

Fig. 6.10 compares the calculated and measured admittances of the GFL VSC, where
the black lines refer to the calculated analytical admittances and the blue asterisks denote
the measured admittances from the time-domain model. As shown, the admittances of the
two models matches well, which indicates the accuracy of the analytical admittance.
Comparing the results in Fig. 6.10 with those of Fig. 6.6 and Fig. 6.8, it can be seen that

Y,, has much lower admittance (high impedance) in the low frequency range than those

of grid forming converter, i.e., GFL largely behaves as a current source with high internal

impedance.
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Table 6.2 System initial and control parameters

System parameters

DC voltage Vy, 100 kV
Power rating 500 MW
SCR 2
Nominal frequency @, ( T°) 100 7 rad/s (50 Hz)
Converter reactance 0.2 pu
Filter capacitance C, 0.15 pu
Transformer (Y/Y), inductance L, 55/110 kV, 0.05 pu
Control parameters of the GFL VSC (pu)
Proportional gain k., 1
PLL -
Integral gain ki, 78.54
Proportional gain k 0.54
Vector current control :
Integral gain k;,, 114.51
Proportional gain k 1.2
AC voltage control -
Integral gain K., 12.1
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Fig. 6.10 Converter admittances of analytical model and time-domain model for the GFL

VSC
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6.3 Stability assessment of single grid connected VSC

According to the methods used in [114], [120], [161], the small signal equivalent circuit
of the grid connected VVSC can be depicted in Fig. 6.11. The VSC is represented by a

Norton equivalent circuit in the form of a current source 1, in parallel with an equivalent
admittance Y, that includes the controller, LC filter and transformer, while the AC grid
is modelled by its Thevenin equivalent circuit consisting of an ideal voltage source V; in
series with a grid impedance Z.. Based on the equivalent circuit shown in Fig. 6.11 and

the direction of current flow, the converter output current can be derived as:

. (8) /Yy () =V, (S) 1

I,(s) = Z.(5) \icllesc ) =[1.(8) — Yo (S)V, (S)].YVSCTS(S)H (6.40)
Converter Grid
______ S i
Tz

Fig. 6.11 Small signal equivalent circuit

It can be assumed that the converter is stable when the grid impedance is zero and the
grid voltage is stable without the converter, i.e., both systems are stable before connection
[120]. With consideration of the assumption and (6.40), the grid connected VSC can be
stable if the product of the admittance of the VSC and the grid impedance Y, (S)Z.(S)

meets the Nyquist stability criterion that not encircling (-1,0) for s=w, with

—0 < @, <-+oo [114], [118], [117], [174].

With the grid impedances (SCR=2) in the pn reference frame Z_,, for Fig. 6.1 and Fig.
6.7 and Z,, for Fig. 6.9, the open-loop transfer function matrices Y, prZy fOr the

GFM VSC with P and Q control, Y, .\ruZey fOr the GFM VSC with P and AC
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voltage control, and Y, onr1Zpn; TOr the GFL VSC are investigated for stability analysis
based on the Nyquist stability criterion. Fig. 6.12 compares the Nyquist plots of the GFM
VSCs and GFL VSC, where 4, and A4,, refer to the eigenvalues of Y \Zen (GFM
VSC with P and Q control), 4, and A4, denote the eigenvalues of Y, oyimZen
(GFM VSC with P and AC voltage control), while A;; and A,, represent the
eigenvalues of Y, p\r1Zpn: (GFL VSC). As the two GFM VSCs have similar
admittances, A,, and A,, almost overlap with 4, and A,,, as shown in Fig. 6.12. It can
be seen that all the three converters are stable on the AC grid with SCRof2as 4,,, 4,,,
A, A, A, and A, do not encircle (-1, 0). However, 4,, and 4., for the GFL VSC

are closer to (-1, 0) than 4,,, 4,,, 4,, and 4, for the GFM VSCs. This indicates that
the GFM VSC has a better stability than the GFL VSC on a weak grid with an SCR of 2.

Fig. 6.12 Nyquist curve for the grid forming VSC and GFL VSC on a weak grid with an
SCR of 2

Fig. 6.13 compares the time-domain simulation results when a small power step (10
MW, 0.02 pu at 8 s) is applied to the active power orders of the GFM VSCs and GFL
VSC, respectively. It can be seen that the generated active power and voltage magnitudes
of the two GFM VSCs settle down to the steady-state smoothly, which indicates good

system stability. The reactive power droop controller slightly increases the voltage
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magnitude due to the increment of active power for the GFM VSC with P and Q control

as displayed in Fig. 6.13 (i), while the GFM VSC with P and AC voltage control
maintains the voltage magnitude at the nominal level as depicted in Fig. 6.13 (ii).
However, the corresponding responses of the GFL VSC settle down after a long duration
of significant oscillations as illustrated in Fig. 6.13 (iii), which means a less stable system.
The simulation results in time-domain proves the GFM VSC provides a better stability
than the GFL VSC on a weak network with an SCR of 2, which verifies the effectiveness
and accuracy of the stability analysis based on the small signal model. However, the
results do indicate that the response speed of GFM during step change of active power is
slow due to the inherent design.
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Fig. 6.13 Simulation results in time-domain for a power step (i) GFM VSC with P and Q

control (ii) GFM VSC with P and AC voltage control (iii) GFL VSC with P and AC
voltage control
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6.4 Stability improvement with the GFM VSC on a very weak grid

To validate the grid-supporting function of the GFM VSC, two cases are tested,
including the vector current control based GFL VSC (rated power of 500 MW) is
connected to a very weak grid with an SCR of 1.3 (based on 500 MW) with a 100 MW
GFM VSC (as shown in Fig. 6.14) and without (as shown in Fig. 6.9) connected to the

network. The outer controller of the GFM VSC uses P and Q control. The system and

control parameters are depicted in Table 6.2 and Table 6.3.
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Fig. 6.14 System configuration of parallel VSCs

In Fig. 6.14, Y ..\, represents the small signal admittance of the two parallel VSCs

covering the impedance of the capacitors and transformers as in the black dotted box

shown in Fig. 6.14, while Z_,, refers to the impedance of the AC grid (with a SCR of
1.3). Thus, the open-loop transfer function matrices Y, onrmZpny ANd YeonmiZspne

(without the GFM) are investigated to conduct the stability analysis of the GFL VSC with
and without the GFM VSC connected on a very weak grid based on the Nyquist stability

criterion, as shown in Fig. 6.15. A4, and 4,, denote the eigenvalues of Y, o\r2Zeons »

while A4, and 4,, represent the eigenvalues of Y, o\riZen, - AS Shown in Fig. 6.15, the
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GFL VSC becomes unstable as 4,, and A, encircles (-1, 0), while with the GFM VSC

connected on the network, it is stable as A,

vil

and 4, do not encircle (-1, 0). This proves

that the GFM VSC improves the stability of the system on a very weak AC grid with an
SCR of 1.3.

Table 6.3 System and control parameters of the GFM VSC uses P and Q control

System parameters

DC voltage V,, 100 kV
Power rating 100 MW
Nominal frequency w, ( f°) 100 7z rad/s (50 Hz)
Converter reactance L, 0.2 pu
Filter capacitance C 0.15pu
Transformer (Y/Y), inductance L,, 55/110 kV, 0.05 pu
Control parameters
Proportional gain k 1
PLL -
Integral gain k,, 78.54
Active power order P” 1
reactive power order Q” 0
Power droop control ) .
Active power droop coefficient K, 0.02
Reactive power droop coefficient k, 0.02
Frequency droop Droop coefficient k, 1.65
control
Proportional gain k, 1.08
Direct voltage control
Integral gain k,, 9.6
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d-axis converter filter bus voltage

Fig. 6.16 compares the time-domain simulation results of the grid following VSC with
and without the GFM VSC connected to a very weak AC grid. As can be seen from Fig.
6.16 (ii), without the GFM VSC connected on the network, the GFL VSC is unable to

deliver 1 pu active power to the grid, and the system loses its control completely after
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7.1s. When the GFM VSC is connected to the grid, as shown in Fig. 6.16 (i), the GFL

now is able to generate 1 pu active power B, (500 MW) to the network with the support

of the GFM VSC on the network while the GFM VSC also generates 100 MW active
power P (1 pu based on its own rating of 100 MW) to the network. This proves that the
GFM VSC with the proposed control strategy improves the stability of the system on a
very weak AC grid and supports the operating of GFL. In addition, as seen from the
results, the improvement to system stability is achieved by a relatively small GFM VSC
(being one fifth of the rating of the GFL). The results also verify the effectiveness and

accuracy of the small signal model depicted in Fig. 6.15.
6.3 Summary

This chapter studies the small signal admittance of the proposed GFM in Chapter 5. To
simplify the system analysis, the admittance in the dq reference frame is transformed into
the pn reference frame by applying the transforming equations. Simulations in time-
domain models are also developed to verify the accuracy of the calculated small signal
admittance. The admittances of GFM with different outer loops are compared with those
of GFL. It has shown that the admittance of the GFM exhibits a voltage source behaviour
with low impedance at low frequency range (e.g., below 100 Hz), while GFL has current

source behaviour with high internal impedance at low frequency range.

The open-loop transfer function matrices are investigated to conduct the stability
analysis using the Nyquist stability criterion. Based on the Nyquist plots and simulation
results in time-domain, it has shown that on a weak AC grid, the GFM VSC provides a
better stability compared to the GFL VSC. In addition, the GFM VSC can improve the
stability and support the operation of the GFL VSC when both converters are connected

to a very weak network (SCR=1.3 in the example).
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Chapter 7 Conclusion and future work

7.1 General conclusions

This thesis mainly focuses on the control and operation of the GFM VSC for integrating
renewable energy generations under various network conditions, including operation in

grid connection and islanding networks.

The two main control classes of VSC, i.e., GFL and GFM converters, are presented
and compared. A GFL converter acts as a controllable current source that follows the
voltage at its terminals by precise synchronism (commonly using PLL) to control the
current injections into the grid, hence the power flowing into the grid. Nevertheless, its
performance relies on the assumption of a stiff external AC voltage which is usually
provided by large presence of SGs in conventional power generation systems. This
assumption will fail to hold up with more power electronic converters and less SGs in the
future power systems. Consequently, the system can lose synchronisation and become
unstable on weak or islanding networks. To overcome this weakness brought by the GFL
converter, an alternative GFM converter is developed as an ideal AC voltage by
regulating the local voltage and phase angle. Instead of PLL, the conventional GFM
converter accomplishes the synchronisation with its terminals by simple droop control.
Thus, the conventional GFM converter has the ability to work in both grid connection and
islanding networks, but it lacks the capability of fault ride-through due to the absence of
effective current control. Simulation results in time-domain verify the strength and

weakness of the GFL and GFM converters.

In order to synthesise the advantages of both general GFM and GFL control, a universal
GFM VSC control strategy is developed for grid connected and islanded operation. The
proposed control schemes include adaptive power droop, frequency droop, PLL, direct
voltage and current limit control. With the proposed control strategies, the GFM VSC is
able to operate adequately on both grid connected and islanded operation. The transition
from grid connection to island is smooth and seamless. During grid connection, the
converter adjusts its active and reactive power generation with respect to the actual

network frequency and voltage. When an external AC fault exists, the overall fault current
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is effectively limited. Meanwhile, the active and reactive current are distributed to follow
the current references provided according to voltage dip and overall fault current level.
During islanding, the power generated by the converter is determined by the local load.
Thus, the distribution of active and reactive current depends on the equivalent resistance
and inductance of the local load on overload condition, while those are determined by the
current references according to voltage dip and fault current level on a severe external
fault.

To enable the GFM VSC to have fault ride-through capability for both asymmetrical
and symmetrical AC faults, the GFM VSC control is coordinated with an enhanced AC
fault current limit control when the connected grid is weak. The fault current control
system is based on double synchronous reference frames to control the positive- and
negative-components independently. An additional voltage balancing control loop is also
developed to retain the AC voltage control loop for fault current limiting. In the developed
scheme, the d-axis voltage order fed into the direct voltage control loop is adjusted to
avoid overvoltage and over-modulations. An enhanced dg current distribution control is
proposed to accordingly distribute the active and reactive current during faults, which
only works during faults so normal operation of the converter is not affected. To
specifically control the negative-sequence current, an extra negative-sequence current
control is employed, which mimics the conventional current control to flexibly control

the negative-sequence dq current with respect to the pre-set references.

To validate the improved small signal stability with the proposed GFM control in
comparison to the conventional GFL control, the impedance-based small signal
assessment method is used. The admittance of the converter in the system dq reference
frame is derived with the small signal model, which is then transformed into the
admittance in the pn reference frame to simplify the analysis. The open-loop transfer
function matrices of the overall system are used to conduct the stability analysis based on
the Nyquist stability criterion. To validate the analytical results, time-domain simulation
results are also tested. It can be found that the proposed GFM VSC not only provides a
better stability than the GFL VSC on a weak grid, but also can improve the stability and
support the operation of the GFL VSC on a very weak grid.
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7.2 Suggestions for future work

Based on the studies and achievements in this thesis, the potential areas for future

research are proposed as follows:

e The GFM VSC in this thesis focuses on performance of the AC side, and the DC
side is assumed to be a fixed DC source. It is worthwhile investigating the potential
impact of the proposed control method on the DC side may be connected to a wind
farm drive train or other energy storage system.

e The transitions between normal GFM control and fault current limiting operation
during and after large network transients can be further investigated, to ensure
smooth switching of the different control mode, so as to minimise any adverse
effect on the operation of the power network.

e The provision of fault current from the GFM VSC can be further investigated for
future network with large converter penetration. This can include the provision of
active and reactive fault current, as well as the provision of negative-sequence
current during various fault conditions.

e Experimental tests for the proposed GFM VSC control methods can be
demonstrated to further verified the grid-supporting functions and fault ride-

through capability.
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