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Abstract

To decarbonise the electricity sector, power systam facing a significant transition
to converterdominated systems with higher penetration of renewable energy generations
to replace conventional power generatiossg synchronous generators g€h@&hanging
the characteristics of power gridnlike SGs, power electronic converters do not contain
rotatingmechanical components. Accordingly, the mechanical properties owned by SGs
will not be exhibited in the future power system, which can resutarious issues in
term of power system stability and the ability of faalhd disturbanceride 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 stabilityHowever, 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 bringg almallenge for the
control design of the power electronic converters. This thesis proposegersal grid
forming (GFM) VSC (Voltage source converter) control for future power system with

consideration to the corresponding various grid conditions.

In this thesisthe control ofgrid-following (GFL) andGFRM convertersarereviewed
firstly. TheGFL control usually contributes to the regulatioraofive and reactive power
output by injecting current through a vector curramttroller at a given phaséhe grid
phase is tracked hysinga phasdocked loop (PLL) at all times. Different outer controller
can be applied for different control purposesh as active power and voltage control
The GFL converters are predominantly appliegnesenrenewable power generatgn
due to thecapability in handing transient current during large transient evprésise
control ofcurrentand goodtontroldynamics, etc. However, as the GFL converters cannot
regulate the system voltagedafrequency directly, which makes them lack the capability
of islanded operation. In additioanother constraint comes alowgh 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 regukidine inner loop
combined with power droop controller as the outer ldo@ctively control their voltage
and frequency outputs for the aimafltagesupport. Hence, the GFM converters have



the ability towork 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 synthesis¢he advantages of bo@FM andGFL convertes, a universabFM VSC
control is proposed. A direct voltage controthe 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 addesl the outer loop to regulate the power
exchanged between the converter and grid. A universal current limit controbis als
developed to limit the overcurrent and share the active and reactive current on both grid

connection and islandingetworks

In order to enable the ability of asymmetrical faults-tis®ugh, the&GFM VSC control
is built in doublesynchronous frangeto enable independent control of positiand
negativesequence components. An enhanced AC fault current control that employs both
positive and negativesequence current control is proposed. An additional voltage
balancing control is also developed &tain the AC voltage controller for fault current
limiting. By applying this controller, the general fault current limiting, dqremwir
distribution and negativeequence current control when required can be achieved on a

weak grid connection.

Finally, small signal analysis is carried out to compare the stability d&HM and
GFL VSCs on weak networks. The impedaibased method is adopted to derive the
admittances of the VSCs andnnectedyrid in thepositive and negativesequencepn)
reference frame. Timdomain simulations are also performed to verify the accuracy of
the small signal admittances. Stability improvement withGR& 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, ecosystamd 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 re#fi the Glasgow Climate
Pact to limit global warming to around 1.5in reach1]. 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 yeargd20092019[2], and is
expected to grow by almost 2400 GW over 2@QP27, equivalent to the entire current
installed capacity in Ching]. With the global electricity demand rising, the electricity
sector is being the first sector to be decarbor{iéfpd he electricity sector takes a steady
increasing share of the global energy supply, rising from 19% in 2010 to 23% {22020
The sufficiently fast increase of renewable electricity generation is driving down the need
of fossil fuels contributed to powdb]. As of 2022, nearly onthird of the global
electricity production was contributed from renewable endfjy Since renewable
energy is the only source of electricity generation ha&ixpected 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 2(&]7

Fig. 1.1 displays the progress towards renewable energy source targetisefor
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%ipto 42.5% by 203(7]. To meethis goalthe European energy system

requires a deeand fastransition to renewable energy dominated system
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Among all renewable energy sources, wind and solar energy have been the most
reliable and rapidly exploited due to the lower cost and easy obtainme&@®22, wind
and solar achieves record growth, reaching 12% share of the global electricity generation
in total [4]. According to the report df3], 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 globapital expenditures committed to wind power
exceeded the investment in fossil fuels in 2020 The installed wind power energy
capacity for several representative countries is showfignl.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 StigsThe installed solar power
energy capacities for several representative countries are shdwg. ih3. 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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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.

1.21 Converter-dominated network

The conventionalpower generationplants in the existing power systemsuse
synchronous generators (SGs) to connect to the rest sfstem However, renewable
energy resources, especially wind and solar, utilise fundamentally different technologies
for energy conversion and interfacing to thewer systemAll solar and most wind
turbines are connected to the powead through power electronic convert¢i®], [11].

Hence, the future power systems willdmnverterdominated.

A power electronic converter consists of a variety of configurations of power switches
and passive components, and a control sy$1&h The control system establishes the
gating signal for semiconductor switches through a proper control scheme to accomplish
the energy conversion. Hence) affectivecontrol 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
componentg10]. As a result, they do not inherently provide the physical properties of
SGs used in conventionpbwergenerations. This will arise a series of issues, including
inertia and frequency stability, system strength and voltage stability, islanded operation,
fault and disturbareeride-through.

Voltage source converter (VSC) technology is the most extensive solution for
connecting renewable energy generation to power[@8f [14]. Fig. 1.4 displays the
structure of IGBT valves based tievel 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 vdii&jd16].

The direction of power flow can be changed by reversing the direction of the current. It

should be noted that all the converters inrtdst of this thesis refer to VSCs.
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SGs used for conventional power plants are interconnected through transmission and
distribution system to provide reliability of electricity suppl0]. 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 gengrahile
conventional power plants using SGs are being decommissidsadnewable energy
generation is electronically couplg¢di7], the control design of the power electronics
converters is crucial for the stability of future networlds8]. Renewable energy
generation is required to control tegstemvoltage 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 thewer systenthrough multiple ACDC (e.g., wind energy),
DC-DC (e.g., solar energy) and PAC converters, the main focus in this thesis is on the
final stage that converts DC power to gcmimpatibleAC power(inverterbased resource

or convertetinterfaced generatignwhich interacts with the AC power system directly.
1.22 Power system stability

As aforementionedyith the large amounts of SGs being replaceg@doyer electronic
convertersthe future power system will e converterdominatedUnlike SGs, power
electronic converters do not contain mechanical components, e.g., stationary stator and
rotating rotor. Accordingly, the mechanical properties ownedds &Il not be exhibited

in the future power systenin additional, the dynamic responses of power electronic



converters are also different from S[38]. Eventually, it can oftenaise issues related
to thepower system stability in terms of frequency stability, voltage stability, rotor angle

stability, resonance stability and convertieiven stability.
A. Frequency stability

At the view of physics, S&can provide mechanicalertia on its rotating mass. The
frequency stability relies on the totamount of mechanical inertiand speed
regulation/frequency modulation controf SGs in the networkHowever,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 electroconwerters, which makes
the power electronic converters do not own the traditional inertial response characteristics
based on rotational kinetic enerf§y9]. Hence, system frequency stability problems can

be arisen.

Specifically, when a grid disturbance occutbg inertia slows down the frequency
deviationand the kinetic energy stored in the rotating mass is relésgece the prime
frequency controller to activate to limit the frequency deviatitance, 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 loa@ddting[20], which requires a

fast acting controller to arrest frequency drop as soon as po&ible
B. Voltage stability

It is essential to maintain voltages at all buses at the acceptable levels for a power
system[10].Hence the voltage stabilitganalsobe challengd due to thelisplacement
of SGs in the futur@power system, reducing the amount of available voltage sources and
reactive power capabilityln this context, the voltage support given by the SGs is
decreased, which stresses the voltage stability at all buses of tfiz2gridonsequently,
voltage collapse can be caused by the reactive power instabilhiesoltage instability

issues can be moodvious and severturing weak grids.



Since renewable generation units are usually located far from the main AC grid in order
to achieve abundant wind and 4@8], [24], [25], high impedance can occur in the grid
with long electric power transmission distanelich canead tolargervoltage dipswith
massive active and reactive power flf28]. Typically, grid strength is defined by Short
Circuit Ratio (SCR) aR27], [28]:

1
SCR=r—— (1.1)

sp.u

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

With consideration ofl1.1), the grid with high impedance corresponds to a low SCR and
viceversaThe AC grid is classified to be fdwea
defined to be fdAvery wealW [30] Hdnce,aanlongS CR
transmission distance can lead the interfaced grid to be wed&,amieak grids 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 conditif28], [31], [32]. SGsin conventional power grid

can enhance the system strength locg8Bj, while with fewer SGs connected the

future, it will arise system instability issues.

As aforementioned, the futupdwer systemsvill 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 analysiswegtigation The

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

Rotor angle stability ithe ability of SGs (or generation sourcesytintain rotor angle
(also known as power angle) within stable boundariestag stableand remain in
synchronismwhen disturbances occUi], [26], [34]. If the electromechanical torque
vectoris equalin magnitude bubppositein directionto the mechanical torqugenerated
by the prime mover, the machine is staying in synchrof2drh The highpenetration of

power electronic converters rapidly changes the transmission system loading patterns,



which can influence the system synchronising to{@3¢, [36]. In addition, the risks of

power oscillation can appear locally, and hence severely damage th265Gs
D. Resonance stability

The resonance occurs generally when the energy exchange takes periodically in the
form of oscillationg21]. It normally appears with two categories, i.e., torsional resonance
and electrical resonance. The torsional resonesfees to the oscillatory instability that
is caused bythe torsional interactions between the mechanical system of the rotating
component and the electrical power grid with the series compensated lines and other
converterbased equipmén[19]. These oscillations are mainly sapnchronous
oscillations (SSR) that can be poorly damped or undamped, which can threaten the
mechanical integrity of the generator sh#@#tl]. Electrical resonance refers to
electromagnetic oscillations due to the dynamic interaction between the power electronic
converters and power grid a purely electrical sen$&9]. These oscillations are mainly
classified into selexcitation SSR that appeavehen the series gaacitor 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

frequencieg21].
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 lodgst at
response times. In this context, the wide timescaletrol dynamics ofthe power
electronic convertersan lead to crossouplings 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 [anpeNith
higher penetration of power electronic converters, the corresponding issue can be more
severe. Specifically, highfrequency oscillations can be resulted from the mutual

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



frequency oscillations caappearby multiple forms of interaction between the control
loops of the converters and other system compoi2hfs

1.2.3 Islanded operation

In the event of disturbances from the main grid, such astloreyvoltage 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 det@drgon to
ensure a high reliability level, which is recognised as an isJa8H [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 A(38]dwith the voltage
and frequency imposed by the main grid. However, whermpoeer 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 powernetwork[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

smoothand 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-toténes rated current during faults. Unlike
traditional SGs, power electronic converters respond very differentlylis f&7], 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 metf2&]s[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 tinel afractive
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 tmdupport 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 limitinigotier is
distinctly important for the convertglominated 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 asymmetricdlLigults
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. &Aresult, overcurrent stress or
current harmonics might be the main concerns, which must be carefully con$#8ired
[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 powsystens with fewer or even none SGs amdre
power electronic converters, which must be taken into consideration as fdllgwgls],

[46]:

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

1 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 synchmése with the system. In addition, the controllers of converters
must respond more robustly to the system with faster dynamics.

1 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 corverter
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 a$sFL convertes that track the voltage angle of the connected grid to control
their outputs[33], [47]. However, theGFL convertersare typically based on vector
current controller, which relies on stiff external AC voltages which are usually provided
by SGs. As a result, thteFLs may become unstable when gwvernetwork becomes
weak or islanding. Even with fast frequency and voltage support, the frequency and
voltage regulations are still dependant ongbgices from the remaining SG47]. In
addition, the system stability can be further deteriorated and-lveidd frequency
oscillation can be induced when connecting to weak dd8@$ In recent years, the
concept-fof miigg & dnbre gopulareaadnhfeasiblier VSCs, which is
considered as the key for the future posystens with high renewable penetrati{88].

In contrast tadGFL convertes, GFM convertersctively control the frequency and output
voltage to improve the stability of convergominated power systemg@9]. The
desirable functionalities &&FM convertes can be expressed as folloj@S]:

1 GFM convertersan 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.

1 Unlike SGs, th&GFM convertercan operate stably on a defined minimum system
strength. When the connected grid is weak or very wealGHM converterhas
the capability of supporting the grid and otl@&FL convertes connected in the
grid.

1 During transient events, tl&FM convertercan provide a specific operation with
respect to its own limits. Once the grid retutasts normal condition, th&FM

converterestores 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 voltageforéne
system, which results in certain limitation that the converter output current is not well
regulated during large transients. Consequently, it brings challenges fdeRke
convertersto limit and control the current during abnormal grid conditions, such as
external AC faults and overloaded operation, etc. Another tyg&bfconverteiis based
on the emulation of the inertimksponse 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 dynamiegs].

Thus, this thesis aims to investigate the control and operati@Fbf 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:

T

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

A universalGFM 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 locabld on grid connected mode, while it establishes the
voltage and frequency during islanded mode. With a proposed current limit control,
the universalGFM VSC has the capability of effective fault current limiting and
distribution of active ad 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 negaggeence current
controller, the VSC has the cajildl of dealing with asymmetrical AC faults and

can restore normal operation quickly.

Small signal models of th€FM and GFL VSCs are developed to conduct the
impedancebased 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 frae@FMW VSC is
proved to operate more stapind have the ability to support the operations of the
GFL VSC on weak networks with specified SCRs.

1.33 Thesis organisations

This thesis is organised as follows:

1

In Chapter 2a comprehensive assessmentG##M control methods is statedo
enable GFM converters with the overcurrent capability, multiple current limiting
techniques are introducetio compare the small signal stability betweenG®fdV

andGFL convertes, two stability assessment methods are also briefly reviewed.
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1 In Chapter 3, thecontrol of GFM and GFL converterare studied. For the
conventionalGFL convertey the modelling and basic control schemes including
PLL, vector current control and different outer control are introduced. For the
typical GFM convertey 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 conventicd&M and GFL control
strategies.

1 In Chapter 4, the overall control requirements for a unive®&a\l VSC are
presented. The univers@dFM control scheme, includingFM direct voltage
control, adaptive power droop control, PLL, frequency droop control, is developed
for the converter operating on both grid connection and islanu#hgorks An
additional current limit controller is added to ensure the VSC to have the ability of
fault ridethrough for both grid connected and islanded operation. Simulation
results in MATLAB/Simulink environmerdre used to verify the proposed control
strategy under different grid conditions.

1 In Chapter 5, &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 fameesalise the
separated control for positivend negativesequence 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 negativ
sequence component current andlitate the detection of asymmetrical faults, a
negativesequence 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.

1 In Chapter 6, a small signal model of BEM VSC connected to a weak network
is developed. Based on the developed small signal model, the total admittance
including theGFM controller, filter, transformer and grid impedance in the system
dg 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 obtaideadmittance, the stability improvement with tBEM VSC

14



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.
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Chapter 2 Literature Review

In this chapter, a comprehensive assessment o&Hi control methods is stated
firstly. To provide the ability of overcurrent protection {GFM converters several
current limiting techniques are reviewsabsequentlyFnally, two categories of stability
analysis approach including eigenvahmsed and impedantased method are

discussed.
2.1 Control methods of GFM converters

As discussedh Chapter 1the futurepower systenwill be converterdominatedwith
high penetration of renewable energy generations. Broadly speaking, grid connected
power electronic converters can be divided into two categories depending on the
controllers and operatio$0], [50], [51], i.e.,GFL andGFM convertes.

2.1.1 Comparison of GFL and GFM converters

A GFL converterhas a control approach that regulates the power flowing to the
interfacedpower gridby following an established external power system. At the core of
its operation, the convertes synchronsed to external network voltage during operation,
whi ch f or ms tgtiddollowimgo c e Plickesd bop {PLL) is normally
utilised for the estimation of the instantaneous voltage angle at the terminals to be
followed byGFL convertes in realtime [10]. It is noticeable thabBFL convertes merely
perform as voltagéollowing current sources and rely on stiff external AC voltages that
maintain minimal amplitudes and frequency deviatifty, [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 gifiti0]. Hence, it becomes challenging @FL convertes
to maintain adequately voltage and frequency stability whegriddecomes weak with
less stablgrid 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

addess this issue, the converter control system is required to respastyaind quickly
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in case of any output disturbance. Furthermore, it is difficulGieL. convertes to fulfil
the requirements with the possibility for islanded operation in the fptwer systenas

therewill be no external grid voltage to follow during this period.

To address the above issues broughtGfyL. convertes, it is necessary to develop
alternate converter contrgtraegies to enable the transition to a convedeminated
power system. In recent year§&;FM converters intrinsically different from GFL
convertersare seen as the key enablers for high renewable penetrafitare power
systemg33]. GFM converterfiave a control approach that actively controls their voltage
and frequency outpsi{47], [52], so as to form the grid voltage by the converters with
support of energy storage and resef®8]. Depending on the conditions and
characteristics of theower systemsGFM converters can act as the skicis 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 gsidn addition, with active frequency control, the
dependence of the frequency dynamics on the mechanical inertia provided by SG can be

decreasef47].

Some type ofGFM converterscan 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 associat@é&#Mith
converterg54], GFL andGFM convertersvill coexist in future power systems and hence,

GFM convertershould undertake the responsibility to support the operation &fhe

converters
2.1.2 Conventional GFM control (self-synchronisation)

ConventionalGFL convertersise 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 investigdées],iPLL
may bring positive feedback when the grid impedance is high, resulting in an unstable
system. Hence, maryFM convertersemove PLL from their control schem@e idea

of selfsynchronised/convention&FM control algorithm is to utilise active power
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frequency and reactive poweoltage 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,u;, andV° represent the nominal values of the frequency and voltage

magnitude, respectively.

A .
»
A -
»

T

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 frequacitye power loop.

The detailed model and design of 8&M VSC with droop controllers to contrtthe

voltage and phase angle will be discussed in Chapter 3.

As introducedn [53], the conventional droop control is improved to directly imitate
the control system of a SM, which is firstly referencedisfsynchronisatioa The

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

low-pass filtersThe reactive power loop produces the voltage refergnde be tracked
by the measured voltagé through a Pl regulat¢53], while active power loop generates
the system angular frequeney to output the phase angle As seen, an additional angle

feedbackproportional to the active power deviatiith a proportional gairk ,, is added

compared to the conventional droop control.
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Fig. 2.3 Rearranged diagram of saynchronised droop control

By rearranging the control parameters, a control diagram similar to-er@ed SM
model discussed ifb3] and[58] can be developed as shownFig. 2.3. The reactive
powervoltage 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 valuen@tenstant,
corresponds to the opaircuit time delay. Likewise, the active powleequency/angle

droop is equivalent to the model of swing equation Wittt k, and1/k, corresponding

to the inertia constant and mechanical damping factor. Consequently, this method
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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 wltage is simply given ag | g. On the contrary, the converter filter bus

voltage can track the voltage referencé g 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 ta@kathe capability of fault current limiting. Even with
instantaneous current limit control loops stateiLBl, [42], [59], [60], [61], the output

can be distortedvith high harmonic components due to crest clipping of the input
sinusoidal signal. Meanwhile, it is difficult to control the fault curremisidering 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 fability
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 showrHig. 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 electramamical 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 swidgtals for the converter. It
i's obvious that the VI SMAGs performance
currents that come from the VSM model. Hence, the performance of the VISMA is
influenced by the modelling precision of the synchronous modsttif64]. 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 explorg@6].
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Fig. 2.4 Structure of the VISMAG67]

Another weltknown method of VSM is the synchronvertef68]. It also emulates the
behaviour of &M 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 eqation 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. Tigere a
several further developments of synchronverter.[88], a selfsynchronverter 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 controliBaragontrol
loop from the virtual flux to active power is added40]. 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 freq@8hcy
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Furthermore, the system inertia response can be deteriorated with the damping improved
[66].

»
vsm

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 algoriffid], [72], as shown irFig. 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 sttdy
characteristics of the speed governor of a traditiona] 2yl The reactive poweroltage
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 powdi73]. However, the same issues to the use ofssgithronisedsFM
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 dynanjis|.
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2.1.4 Power synchronisation control

Another GFM technique is the soalled power synchronisation control as shown in
Fig. 2.6, which was firstly introduced ifi74]. In essence, it is similar to the previous
describedsFM designs that use voltage and angle to control the reactive and active power

directly as displayed ifig. 2.7.
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Fig. 2.6 Diagram of VSC based on power synchronisation [@dp
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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 controlle[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 synebnism by a transient power transfer, an unknown current
determined by the interconnecting network will be involyéd]. 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 Bldwitched 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 GFM convertersthe most common problem
facing them is the lack of capability of fault current limiting. ConventioG&lL
convertershave the ability to limit and control fault current due to the inherent internal
current control loop. AlthougBFM convertersmitate the characteristics of SGs, they
are much more sensitive to transient disturbances due to limited overcurrent and
overvoltage capability of the semiconductor devices. HoweBé&fy convertersare
requiredto ride through network faults and large disturbances, while in the meantime,
provide grid support during such transient events. In order to prote@RMefrom
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 isdiepeon the type
of fault [17], such as faults during grid connection and islandieigvorks symmetrical
and asymmetrical faults, etc. This brings a big challenge to assuresiliéincy for the
GFM convertersThere are several control strategies considering the fault current limiting

of GFM converterswhich 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 th@FM control scheme to th&FL control scheme
once the current threshold is exceeded during a fault, e.g., the previously discussed power
synchronisation contrg¥4]. In this scenario, the system loses all functionalitig€SF
and the outer power loop saturates. When the fault is cleared, it switches backRivthe
control scheme. The method of control mode switching has also been applied for other
type of GFM converterssuch as synchronvertgis], VSM [76], [77], and conventional
GFM [78], [79]. During a transient overcurrent event, GEL control scheme controls
the current by limiting the current at a fiesigned value directly. However, this can
cause wineup in the outer power loop80]. Subsequently, the system can lose
synchronisation with thgpower 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 s\wigs.

Another approach to deal with the overcurrent issueGieM control is to employ
nested control loops (also named cascaded control loops) as shbign28, which is
discussed ifB1], [82]. The control plant can be perceived as two-birster systemf83].

The inner current control is used to control the converter output current via a Pl 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 ddpictEig. 2.8. The
current reference is given as:

ar 1" ¢1;

lim? lim
1", otherwise (2.1)
"2

—_\—) == (D:

l lim? lim

wherel,  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[88m@&5],
rotating a £ frame[41], [79], [86] and synchronous dq frani&7], [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 impf88gdHowever, there are

still some weaknesses while applying this control scheme. Apeetieived weakness is

the risk of instability on weak grid34], [89], since it assumes that the grid strength is
adequate and the impact of the converter to the grid is neglg@¢d[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 aba dr

frame, distorted converter bridge current can be simultaneously generated, which
seriously affecthe 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 th&FM 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.
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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 investigésd, ii84],
[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
thresholdl,,. The equivalent circuit of &FM converterwith the virtual impedance
current limiting strategy is depicted Kig. 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:

V' =V -Z, (I |'th) (2.2)

whereV' is the original reference voltage awd is the corrected reference voltage by

the virtual impedance, whilé refers to the actual current flow a@, 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 illustfaged in
2.10. By reducing the voltage reference, it retains the voltage control loop, hence the
functionalities of th&sFM control. However, the performance of this method is sensitive
to the grid impedancg9], [95]. In addition, the aforementioned risk of instability issue

on weak grids still exists as the inner current control is remained.
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Fig. 2.10 Nested voltage and current control loegth 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 conuattel
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 sy@@ly
According to[97], the majority of AC faults are unbalanced. During an asymmetrical AC
fault, negativesequence current components will occur, so one solution is to control the
positive and negativesequence current components separately once an asymmetrical

fault is deteted, which can be realised in the synchronous (dq) reference frame as
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displayed inFig. 2.11 (a). The control design for inner current loop under asymmetrical
faults in the double decoupled dq reference fimiméntroduced ir{40], [98], [99]. The

current references can be set as the requirements in the grid code. In this method, the
parameters of the Pl regulators for the positared negativesequence controllers can be

set individually, which provides sufficient control flexibility. Howeyé°l regulators

have relatively poor capability of disturbance rejec{ib®0], which makes the system
sensitive to any disturbance in the network. Due to the bandwidth limitation, the control
system will require additional loyass filters to remove the learder harmonics, which

can introduce a delay and make the control respsiggish during transien{d01],

[102].
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Fig. 2.11 Control architecture of current contr¢h) double synchronous reference frame

(b) stationary reference frame

Besides the synchronous (dq) reference frame, the current control can also be designed
for the stationary & £) reference framander asymmetrical faul{96], [102], [103], as
shown inFig. 2.11 (b). The converter current is transformed from the abc reference frame
to the stationarya £ reference frame using Clarke transformation. ProportiBeslonant
(PR) regulators can be used to track the sinusoidal references witiezatgstateerror
and disturbance rejection capabil[y04]. 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 negativesequence components generated by the corresponding current
controler. In this context, the converter output voltage may exceed the voltage limitation
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if trying to maintain the positiveequence component voltage at the nominal Jalfs).
As a result, overvoltage issues on the healthy phases may occur while both-asitive
negativesequence control loop will be saturated, which can lead to thenmaulation

behaviour of PWM to exacerbate the controllability and performance of cenvert
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 stab{lit97], 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., eigetbadaed analysis
method and impedandssed analysis method. Bottethods can effectively determine
the stability of the system by covering the impact of dynamic controllers, grid impedance
and DC line impedandd08].

2.3.1 Eigenvaluebased analysis method

The eigenvaludased analysis method is an approach that determines the stability of a
system regardless of the location of the source of instaldibg]. It has been extensively
utilised to analyse the stability of wind turbine systd&i0], and stability of HVYDC
systemd106], [111], [112]. As power system is a typical nonlinear dynamic system, the
equations representing the system are linearised and expressedspatatenodel with
consideration of a small disturban§&ll]. By calculating the eigenvalues of the
linearised statspace model, the small signal stability of the system can be evaluated.
The i mpact of the system operating condi
dynamic performance can be analysed by oiisg the loci of the eigenvalues.

To compareGFM and GFL convertersfor a power systenwith high converter
penetration, an example by using eigenvddased small signal analysis method is
conducted irf47]. The system is modelled by a simple aggregatedstwce reduced

order power system model to investigate the interactions between a generator and a
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converter, as displayed iRig. 2.12. The eigenvalue trajectories at varying converter
penetration levels for botBFL andGFM convertersare depicted iffrig. 2.13.
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Fig. 2.12 Diagram of a twesource system model
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Fig. 2.13 Eigenvalues trajectories for varying penetration leveldsg) converter 10%
to 90% penetration (K3FM converter 10% to 50% penetration (§FM convertey 50%
to 90% penetratiofd7]

For the case of th@FL convertelin Fig. 2.13 (a), the eigenvalues begin to move to the
right with increase of the penetration level of @IeL converter which indicates reduced
damping and deteriorating stability. For the case ofGR&1 converterin Fig. 2.13 (b)

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

higher damping than that for the caseG¥fL converter In this context, the system
dynamic performance is improved with tld=M converter By comparing the results
shown inFig. 2.13 (a), (b) and (c), th&sFL converternegatively affects the system
eigenvalues, hence the system stability. GtV converterhas positive impact on the

system eigenvalues, hence the system stability.
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2.3.2 Impedancebased analysis method

Impedancebased stability analysis method has been firstly developed to evaluate the
interaction between a DDC converter and its input filtef113], and then became
popular for the stability analysis of grabnnected converters at the interfacing point to
the connected networfd14], [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
inputimpedanc§l14], [116],[117]. By applying impedanebased method, the measured
impedance essentially simulates all circuit components, including physical components
and control systenf418]. Furthermore, it conducts a way to study interaction points and

possibly undesirable operation by using easily measured qualitit@s

Converter Grid

Fig. 2.14 Impedance representation of a grid connected converter system

As shown inFig. 2.14, the grid source is modelled by a Thevenin circuit as an ideal
voltage sourcd/; in series with a grid impedancg, while the grid connected converter
iIs modelled by a Norton circuit in form of a current sourcén parallel with an output
impedanceZ, . This can be seen as a hybrid system consisting of a voltage source and a

current sourc§l20]. The converter output current flowing into the grid can be obtained
by:

LOZ9- M3 & g MBe 1

Z(9+Z(9 & Z(3 0+ ¥ A

1,(S) (2.3)

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 conj@#&t@r Based on
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this assumption, the grid connected converter can operate stably if the impedance ratio
(loop gain)Z(s)/ Z (9 satisfies the Nyquist stability criterigh13], [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 powevoltage control base@FM in weak grid4122]

To compare th&FL and GFM converteron a weak grid, the stability analysis using
dg impedancéased method is conducted[¥22]. 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 irFig. 2.15. The DC side is represented by a fixed @tagesource
so the impact of the DC side is neglected. As seerGGHM convertertakes the power

voltage control strategy, which adopts PI regulat@s(s) and G, (s) refer to the active
and reactive power controllers respectively, wi@g (s) and G,,(s) represent the dq

axes voltage controllers. For comparison, instead of the voltage control lodpFthe
convertertakes the powecurrent 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 GIjL converter(b) GFM
converteff122]

The Nyquist plots of th&FM and GFL converteron a grid with an SCR of 3 are

displayed inFig. 2.16. For the case of theFL converterwith powercurrent control in

Fig. 2.16 (a), the character lodi, 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 tl@&M convertemwith powervoltage control irFig. 2.16 (b),
neither of the character loéj and/, 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 o6FL converter®n weak grids if123], [124].

Despite the improved stability brought by the integratioBBM convertereompared
to GFL convertersGFM converterstill 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 frequtty], [126]. On the other hand,
there are also small signal stability issues foIGR convertersvhen subjected to grid
disturbances on a strong gfitR7]-[128]. On a strong grid, the biggest difficulty for the
GFM converterss to regulate the voltage at the P@IB]. As a result, both sideband
oscillations (lowfrequency oscillations) and synchronous oscillations (near nominal

frequency oscillations) can occur to deteriorate the system stgBility
2.4 Summary and thesis contributions

This chapter reviews the future network challeng&sM control methods, current
limiting control strategies and stability assessment methods. Different challenges and
requirements resulted from the convedeminated network, i.e., frequency and voltage
stability, islanded operation and overcurrent protecioe reviewed. ThH@FM andGFL
convertersaare compared, and differe@FM control strategies, i.e., sedynchronisation,
VSM/VSG and power synchronisation confrate introduced. Various current limiting
control methods including general overcurrent limiting and unbalanced current control
techniques are also discussed. In addition, to compa@RMeandGFL convertergor
small signal stability, two assessment methods including eigerbakexl and

impedancebased 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, peegronic converters can be
classified into two categories, i.&FL andGFM converter{10]. The GFL converteris
mainly designed to deliver active and reactive power into thegéd; while theGFM
converteris controlled as an AC voltage source with the setting voltage magnitude and
frequency of the connected AC gft&D]. In this chapter, the modelling of grid connected
VSC is introduced. Based on the general model of grid connected VSC, the control
strategies of5FL and GFM converterare 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

3.1.1General 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 representeiikieyl ® C voltagesource.

As seen irFig. 3.1, the VSC with a fixed D@oltagesource is connected to an AC grid

having the grid impedance (inductante and resistancdR, ) through an LC filter
(reactance, and capacitanc€ ) which is used to suppress the harmonics resulted from

the converter switching during operatifii?9]. A stepup 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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3.12 Systemmodel

The system model is built based e part in the red box shown fig. 3.1, sothe
equivalent AC circuit of the grid connected VSC in a rotating dq reference fraime at
angular speed ofw without considering the capacitd® , transformer and grid

impedance R and L) can be shown ifig. 3.2.

A,

1O O

§4—

El®

Fig. 3.2 Equivalent circuit of the grid connected VSC

According to Kirchhoffodés Voltage Law

bus voltagé/, , the converter output voltagé,,,, the converter output curreht and the

phase reactanck; in the model ofig. 3.2 can be obtained as:

I .
Vconv:Vc H‘f% 1WLf| | (31)

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

Neons 8 Ve 0 e-wl, |y, glg G dely,
: g e *tu ¢é ure U € (3.2
eomg 1 Ve L& O 1y g& Ly dgly

whereV,,., andV,,,, are the depxes converter output voltagé, andV,, are the de

axes converter filter bus voltagk, and|,, are the depxes converter output current
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3.2 Control of GFL converter

ConventionalGFL convertersre 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 showRiin 3.3 [50]. As depicted irFig. 3.3, P’
and Q' refer to the active and reactive power reference foiGRg, respectively. To

ensure accurate power exchange between the converter and gr@Fltheust be
synchronised with the connectpdwernetwork[50], [130], [131]. In this section, the
general control strategies GFL convertersre introduced.

P——

Grid-following| |’
Q———| converter

Z

Fig. 3.3 Simplified representation of@FL

3.2.1 Vector current control

According to(3.2), the converter output currehy,, can be regulated by the converter

output voltageV,

convdq

through PI regulators, which describes the principle of the vector

current controller shown iRig. 3.4 and can be expressed as:

::.jwconvdzvcd Wil éEpi( Iy | 'd) kiiﬁ{rld Ild)jt (39
f

Vconvq:ch -|WLfIId gkpi(l*lq Ia) kiil’ﬁ;(I*Iq Ilq)jt

where |, and I[:1 are the current orders which can be given by otfteand Q

controllers.k; andk; are the proportional and integral gain of the PI regulator, which

may be designed using:
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:,K_':Wer (34)

where X and w are the damping ratio and natural frequency of the vector current
controller, respectivelyThe natural frequencyy for the vector current controller is

usually set from 20to 40' rad/s, while the damping ratig is normallyset from 0.5 to

1.

Vcd
Vconvd
I|d kpi +k1_SI
bc
L 2
[ f Veony M e
| PWM
|
. L, "
V
||; K +ﬁ convq E
g 2

Fig. 3.4 Control block diagram of vector current control

Referring toFig. 3.4, the converter output voltagé,, needs to be transformed from
the dq reference frame into thrpkase reference frame using inverse Park
Transformation stated {i2]. The modulation signaM . is then derived g429], [132]:

V,
M, =V .t (3.5)

abc — Y conv
2

As shown inFig. 3.4, The active current,, and reactive current,, are controlled to

track their respective references by the PI regulators in the vector current conthaler.
vector current control is broadly adopted for the power converters for connecting
renewable energy generation and energy storage system theedafficient capability

of overcurrent protection, precise control of instantaneous current waveforms and

extremely good dynamid80], [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 Phasdocked 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 {Bi2]. To synchronise
the power converters with the network in thpFese systems and to conduct the dq
transformation, thel@aseof the AC grid voltagés required, which is usually acquired by
using the phaskcked loop (PLL)24], [50], [135], [136]. Theblockdiagram of a normal
PLL is depicted irFig. 3.5. The value ofV,, reflects the angular position error of the d
axis of the reference frame and the actual network voldyeh will be explained
explicitly in Chapter 6sothe PI regulator shown iRig. 3.5 will produce the frequency

deviation Dw compared to the rated (pset) frequencyy,. Then the estimated grid

frequencyw is obtained whiclgeneratethe estimated phase angje(equivalent tomt )
[50], [135].

\V/
ab cq
Vel o #>

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 powareto be controlled, the dgxes 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 be Naglio) (36)

Q= g (ch g Voo Iq) (3.7

where P and Q are the measured active and reactive power, respectheife daxis

converter filter bus voltag¥€,, is aligned with the actua@prid voltage vectoat the PCC

by PLL, the gaxis voltageV,, is equivalent to OThus,(3.6) and(3.7) can be simplified

as
3
PZE\/Cd lig (3.8)
3
Q= _2\/cd I|q (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*

I, =— 3.10
“ =3 (3.10)
.20

[, =— 3.11
Iq &/Cd ( )

where |, and I, 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 g4 37]:
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k(P -P) kP P a (3.12)

*
IId

lo=ke(@ Q) kH{Q Qo (313
wherek , andk  are the proportional and integral gains of the PI regulator for active
power, whereak ., andk;, 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 powdR#i\i 38],

[139].

AC voltage control can be achieved by directly controlling the reactive curgeno

maintain the voltage magnitude at a certain level. There are generally two designs to
control the AC voltage as depictedrig. 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 )
V., Koac +K‘—;°—> M A Ko 1,
VC VC
@ (b)

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

controller

The AC voltage controller using a Pl regulator showRim 3.6 (a) can be expressed
as[24], [140]:
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II::] :kpac(Vc _\/::) k_iaciivc \75) dt (314)
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 zerosteadystateerror 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 drooponstantkpvi .

Vector current control bas€dFL converterhas 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
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, ¢®el], [25], [141], [142].

3.3 Control of GFM converters

AC grid

w ’| Grid-forming| V' z

E'— | converter PCC

Fig. 3.7 Simplified representation of@GFM

As previously described, the operatiorGFL converterselies on the presence of stiff
external AC voltage which is usually provided by synchronous genef@®j547].
However, system with large renewable generation and reduced power generation based
on synchronous generators leads to power networks with significantly reduced stiffness.

The purpose oGFM convertersan be considered &ssupport the operation of an AC
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power system during normal, isladland weak grid conditions without relying on the
services fronSGs[33]. A conventionalGFM convertercan be represented as an ideal

AC voltage source with a lowutput impedance in series to the AC giid]. The

simplified representation of @FM converteris depicted irFig. 3.7, wherew and E’
represent the setting angular frequency and voltage of the gridsHleconverterhas

the ability to work both on grid connection and islanding networks, which cannot be
achieved by th&FL convertersliscussed previously. In this section, the principles of

the commonly adopte@FM 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 confidl]. As described if50], [85], [143], [127], the
key concept of the power droop control is to mimic the general operatam $G An
SGincreases its frequency when the generated active power is reduced, and vice versa.
The characteristgfor the reactive power and the voltage magnitaigsimilar to tlose
for the active power and frequency. By following this charactesistice 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 ofGFM VSC connected to an AC grid is
depicted inFig. 3.8. In the representation, tli&FM VSC is connected to the AC grid

through an LC filter, a transformer and a local laad

Fig. 3.8 Schematics of th&FM VSC connected to an AC grid
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Fig. 3.9 Schematics of power flow through an inductive line

The power flow between the converter and the converter filteshown in the red

box of Fig. 3.8 can be simplified intd-ig. 3.9 by assuming the impedance is inductive

The active and reactive power through the inductive eletneirtin be expressed as:

_ VoV sind

P onv_Cc 31
< (319
Voo Vo~ V £OSA
Q — conv( COI’]\;( CCO ) (316)

where X is the reactancef L, between the two voltages, addefers to the power

angle shift between the two voltag&y. assuminghe reactanceX is very small(high
SCR) thend is alsosmall, whichgivessind® c¢andcosd® 1. Thus,(3.15) and(3.16)

can be simplified into:

V., Vd
P - conv 31
e (317)
Q — VCOI"IV(V)C(OI"IV- V() (3l18)

According to(3.17) and(3.18), the power anglé@ which is directly determined by the
angular frequencyy predominantly influences the active power fldv, while the

voltage differencé/

conv

- V, predominantly influences the reactive power flQ\143],

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

w = 14(4kp(Ff P)

3.19
V=V k(G (319

QO
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wherek, andk, are the respective droop coefficier¥s. and V. are the reference and
nominal voltage at the converter filter bus, respective#y.and w;, represent the

reference and nominal frequency of the power converter, respectRelgnd Q

represent the reference active and reactive power of the power droop controlleR while

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

control block diagram is illustrated kig. 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 voltageegulator foran SG[60]. The mathematical expression of the voltage

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

1é|Vc0nV|: kpg(vz -IVJ) kigr{ V. |\‘4) d
I . (3.20)

chonv = n Mdt

where|V,,,| and|V,| are the magnitudes of the converter output and filter bus voltage,

respectively g, represents the phase angle of the power converter, which is obtained

by integratingw that is given by(3.19). k,, and k, refer to the proportional and

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

The reference voltage at the converter filter Wusand reference angular frequency

w are produced by the power droop controller discussed previously. The control block
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diagram of the voltage controller is illustratedFig. 3.11. The PI regulator is used to

keep the voltage magnitude at the converter fiIter|V|,1|stracking the reference voltage
magnitudeV, fed by the reactive power droop controller, as shBign3.11. The output
of the PI regulatojV,,,| has to be limited to avoid control saturation. The produced

outputs of the voltage controllefv(,,| andg,,,,) will be fed into the PWM module to

trigger the switch of the power converter.

Ve

V g |VCOI"IV|
k + ﬁ _//_
Power droop s PWM

controller w G-ony | Modulation

Y

Y
Y

Fig. 3.11 Control diagram of the voltage controller

TheGFM based on the control of voltage magnitude and phase angle has the ability to
handle both gricconnected 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 investigateteindaapters.

3.4 Simulation Results

To validate the feasibility of th&FL andGFM convertersvith the discussed control
strategies, tim@&lomain models ofFig. 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 voltagevgf, and two-level switching

converter modelare used.
3.4.1 Simulation of GFL converters

To verify the behaviours of th@ FL converterswith different outer controllers, two

cases are tested, including power step perfornsamtea relatively strong AC grid and
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power ramp performans®n a weak AC grid. The system and control parameters are
depicted inTable3.1.

Table3.1 System and control parameters of @GfEL converter

System initial parameters
Power rating 100 MW
Nominal frequencywy, ( f°) 100" rad/s(50 Hz)
AC grid nominal voltage 110 kv
CapacitanceC 0.15 pu
LC filter
Reactancd., 0.2 pu
YIY 55 /110 kV
Transformer
Inductance 0.05 pu
GFL VSC control parameters(pu)
Proportional gairk,,, 0.4
PLL
Integral gaink;, 12.57
Vector current Proportional gairk, 0.24
control Integral gaink, 22.62
Droop control | Droop coefficientk 1.21
OuterAtC \I/Ioltage Proportional gairk 1
controfler P1 control
Integral gaink,, 48.4

A. Power step performance on a relatively strong AC grid

To test the behaviours of transient performances for the vector current control based
GFL convertersthe GFL convertersisingpower contrder, and AC voltage regulation
using droop and PI controllers, are simulated on the system shdwg 811. The GFL

convertelis connected to relatively strong AC networks with an SCR of 5 (based on 100
MW). For power contralthe active power orde? is increased from O puto 1 pu at 2 s,

while the reactive power ord€) is remained at 0 pu. With AC voltage control, the
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voltage referencd, is fixed at 1 puFig. 3.12llustrates the waveforms of power step

performances of the FL convertersvith 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

steadystates 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 @feL converterswith different

outer controllers: (iPower controlii) Pl control for AC voltage regulation (iii) Droop

control for AC voltage regulation

Fig. 3.13 displays the dexes currents and filter bus voltage magnitude ofGRé
converterswvith the discussed control schemes, where the blue lines denote the reference
signals, and red lines represent the measured/actual signals. As shogvi3.ih3, 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,otheerter filter bus

voltage settles down, and the active power oflereaches 1 puwhich makes active
and reactive current order be 1 pu and 0 pu, respectively. Then the PI regulators of vector
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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 withpower controlis maintained at O as the reactive power reference is fixed

at 0, as shown iRig. 3.13(i) (a).

1.3 13 1.3
_
3‘; 1 1 1
=05 0.5 0.5
= 0 0 0
-0.2 -0.2 -0.2
2 2.05 2.1 2 205 2.1 2 2,05 2.1
0.4 0.4 0.4
_
202 0.2 0.2
=0 0 0
=-0.2 02 0.2
-0.4 -0.4 -0.4
2 2.05 2.1 2 205 2.1 2205 2.1
_ 14 1.4 1.4
=1
2
TTa
= L k
Z 1 1 1
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 depxes currents and filter bus voltage magnitude oiGRe

converterswith different outer controllers (Power controlii) Pl control for AC voltage

regulation (iii) Droop control for AC voltage regulation

With the consideration of the simulation results showrign3.12 andFig. 3.13, it can
be concluded that all the three categorie&BE converterbehaveadequately during a

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

To verify the behaviours of th@ FL converterausing different outer controllers on
weak networks, th&FL converteris connected to weak AC gdavith SCR of 1.6and
1.2 (based on 100 MWYespectivelyThe active power ordg?” is ramped up from 0 pu

to 1 pu within 0.3 s at 0.2 s, and the simulation results are sholg.i8.14, Fig. 3.15
andFig. 3.16.
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Fig. 3.14 Waveforms of th&FL converter®n a weak griavith an SCR of 1.6i) Power

control(ii) PI control (iii) Droop control

As can be seen iRig. 3.14, theGFL convertemwith power controbnly loses control
and becomes unstable before the generated active power level reachesh&npu
connected to a weak grid with an SCR of, ivéile the other two casean 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 fl@4], [138]-[139], which requires
effective outer controller to control the voltage at the PEIG. 3.14 (i) shows that with
power control, the AC voltage is reduced when active power increases, and consequently,
the system becomes unstalfiay. 3.14 (ii) and (iii) show that with effective AC voltage
control, the AC voltagés supportedy reactive power compensation. This is depicted
more clearly inFig. 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 le@l pu) for the converter using Pl control for AC
voltage regulation, while the converter using AC voltage droop control drops the voltage

magnitude from 1 pu t6.95pu during the operation. The voltage dip is determined by

the set of droop coefficierk,,; andthe voltage reference, .
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Fig. 3.15 Waveforms of depxes currents and filter bus voltage magnitude oiGRé
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Fig. 3.16 Waveforms of th&FL converter®n a weak griavith an SCR of 1.2i) Power

control(ii) PI control (iii) Droop control
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As displayed from the simulation resultskig. 3.16, all threeGFL converterdose
control and become unstable while trying to generate bulk active power with the SCR of
the connected grid at 1.2, which validates the constrapuweér flow during a very weak

grid.
3.4.2 Simulation ofGFM converters

To validate the feasibility of the introduc&M control strategies, th@FM converter
based on the model ig. 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 aniistanetwork. The system and

control parameters are listedTiable3.2.

Table3.2 System and control parameters of @EEM converter

System parameters

Power rating 100MW
SCR 5
Nominal local load deman@& 50 MW (0.5 pu)
Nominal frequencyy, ( f°) 100 rad/s 60 H2)
AC grid nominal voltage 55kV
Converter reactanck; 0.2 pu
LC filter
CapacitanceC 0.15 pu
YIY 55/110 kv
Transformer
Inductance 0.05 pu

GFM VSC control parameters(pu)

Active power droop coefficierk, 0.01
Power droop contr
Reactive power droop coefficieif 0.05
Proportional gairk, 8
Voltage control
Integral gaink;, 80
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A. Performance of power step on grid connected operation

To verify the behaviour of transient performance of@#é/ control, the active power
reference of the power droop control showrrig. 3.10is changed from 0 pu to 1 pu at

2 s, while the reactive power reference is fixed at O pu.
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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 GéiMerter
on grid connected operation. As displayedFqg. 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 currer{ as displayed irfrig. 3.17 (b) and (d).As shown inFig. 3.17

(d), both active and reactive power experience oscillations, which is theofifdoween
the function of the GFM and the transient stabilitiie 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 GFMconvertercan settle down teteadystatequickly with a power step

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

To test the operations of tli&M converterduring both grid connected and islanded
operation, the system shownhig. 3.18 is disconnected from the AC grid by opening
the SwitchS at 4 s. In this scenario, the converter transits from grid connected operation
to islanded operation. The simulation results are depictédgin3.19. As shown, the
converter withGFM 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 dow to 0.5 pu as displayed kig. 3.19 (b) and (d). As illustrated iRig. 3.19 (c),
the system frequency increased to 1.008yeito 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 by S R L V

Fig. 3.18 Schematic diagram of th@FM VSC for the transition from gridonnected

operation to islanded operation

The simulation results prove that the converter V@M 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 tlig&M VSC on both grid connected and
islanded operationga) Converter filter bus voltage (b) Converter output current (c)
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Table3.3 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.

4.34.5 s | The additional load (25 MW, 0.25 pu) is disconnected

454 6 s | An additional resistive load (125 MW, 1.25 pu) is connected, and th
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 ottreverter is determined by the demand
of the local load when the converter is working on an istandetwork. To verify this
capability of the conventionaGFM converter load step tests are simulated. The

sequences of load steps are depictethinle3.3.

. NN

Fig. 3.20 Waveforms of load step performances of @f&M on islanded operation

Fig. 3.20 displays the waveforms of load step performances of the GifiMerteron
islanded operation. The voltage is well controlled without any obvious fluctuation during
the load steps as shown kig. 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 agt power droop controller, as displayedHig. 3.20 (¢) 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 820 (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 introdué®aM control needs additional
current limit control for the condition of overload and external AC faults, to avoid the
damage of semiconductddst7]-[148].

The simulation results shown kig. 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 strategieSef andGFM convertersThe control
schemes of th&FL converteiinclude the vector current control, PLL and different outer
controllers, while the control schemes of GBEM converterconsist of power droop and
voltage control to control the voltage magnitude and phase angl&Hlheonverteluses
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,iafp&dth simple
power control as the outer controlléo 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, theontrolaccuracy is adversely affected by the coupling effect resulted from the
time-varying mutual inductances. In additiothe 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 convertethere are still limitations considering
different faultand grid conditionsThe first issue is the distribution of the activeaids)
and reactive (gxis) current during a faulOn grid connection networkhe active and
reactivecurrentare 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 rslanetiwork.This
indicateghat the currersind voltageesponsgfor 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 universaGFM VSC control isdevelopedto 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 meantiMence, it requireso
activatethe entire current control loopnly during faults and retain the GFM control
scheme in the meantimiglost of existing methods use control mode switching to avoid
this isse without remaining th&FM functionality, while some of the methods retain the
current controller that can cause instability issues during weak grid conneltion
addition the coordination between the positivend negativesequence current control
loop is also complicated, which is solved by the propdziell 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, td-L 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 transierfi833], [134]. However, it lacks the
capability of working onislanded operatiodue to the absence of effective AC voltage
regulation, which is increasingly becoming important for VSCs used for renewable
generations. The convention@FM 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 benefial, which can combine the adviages of the convention@lFL
andGFM VSC, to operate stably on both grid connection and islanding netweé&n

during large external transients.

With grid connection, the operation of the VSC requiresttiee(d-axis)and reactive
(g-axis)currentto follow varying reference poinf&49], whereas, the active anghctive
currentare determined by the local load during islanding. This brings a big challenge for
the design of the VSC control scheménich requires a universal current controller for

the transient events on both grid connected and islanded operation.

In this chapter, a univers@FM VSC control strategy for grid connected and islanded
operation is proposed. The strategy inclutiesadaptive power droop control, frequency
droop controlGFM 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 smulations in MATLAB/Simulink verify the feasibility of the ppmsed control
strategy.
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4.1 Control requirements

The universalconverter controschemeenables the VSC to operabte controlled
voltage sourcéGFL mode)synchronisedvith the grid to regulate the active and reactive
power flowing into the connected AC netwatlring astronggrid conneabn, while as
aGFM 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:

1 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.

1 Active and reactive power control. For universal operation on both grid connection
and islandinghetworks the VSC is required to control the generated power to the AC
grid, and to maintain theower balancef the entire systeni84], [144], [150].

1 AC voltage and frequency control. Gam islanding network the VSC needs to
regulate the voltage magnitude and frequency for the network to maintain a stable
islanded operation.

1 Current limiing. The VSC should have the capability to limit overcurrent caused by
the external faults and overlaaicondition, 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 univ&sM VSC.
The generalGFM control scheme is boxed by the red dotted line, while the universal

current limit control scheme is boxed by the pink dotted Mine converter is connected

to the AC grid through an LCL filter and a local load with an impedanc& ofSwitch

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 theuiadiv

control block will be introduced in the following sections.
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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:

oa 8 Vg O &-wl, Iy alg G dély
5 g ye *o € e U € (4.1)
Seona 0 Ve fLig O 1o g & Lgdigl,

whereV,,,, V...« @nd 14, are the filter bus voltage, converter output voltage and output

current in the dq reference frame, respectivahis the estimated angular frequency of
the network by PLL.
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General grid-forming control scheme
Fig. 4.1 Overall structure of the otrol system

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

\Y/

convdq

can be regulated by considering the error between the agfyaand their

respective voltage orders. According to (4.1)dl, /dt is negligible onsteadystate
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while the disturbances resulted frolp, andV,,, can be compensated by using PI

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

Ig—f

BV s = Ko(Vig Vo) KV W) dt wi L, vV,
’I:Vconvq: kpv(V::q -VC() klﬁ ch vc) dt W.l-lde Vcc

(4.2)
whereV_, anch*q are the voltage orders in the dq reference frakpeandk;, 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 depictgd. in

4.2.
Vcd !
Vc*d ( ) ka + k‘_SV Vconvd

* » ( ) > kiv
VCC] kPV + ? Vconvq

cq

Fig. 4.2 Diagram of the direct voltage control

The direct voltage control used for the univeiG&M VSC is completely different
from the voltage control introduced in Chapter 3 and other methods stdédd, if68],
[69], [73], [141], [151], [152], where it is based on the control of two independent voltage
components (dand gaxis). The dq reference frame based direct voltage controller
removes the coupling effect resulted from the twaeying mutual inductancd42]. By
setting separatadg-axes voltage components, thaxis control loop controls the voltage
magnitude, while the-gxis control loop specifically controls the frequency which will
be covered later in this chapter. Moreover, since both voltage and current variables are
trangormed to the dq reference frame, active and reactive curretsmne controlled
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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 stafe8l]jf42], [59], [60].

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

4.3 PLL

The conventionaGFM convertersntroduced 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 symonisation 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 termimaltage could be reduced to almost
zero, during whichPLL 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, leadp to a large transient current.

1
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ab “ kppu = %_y
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Fig. 4.3 Diagram ofPLL

To address the issue, the principle adopte@lbly in this thesis is shown iRig. 4.3.
As shown, when the voltage magnitudg drops below the preet level of 0.15 ptPLL

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

PI regulator stops calculation. Once the voltage magniydeecovers 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 islgidadi ng
formingg. The voltage regulation is given by
the previous section. According to the control diagram shoviigird.3, the frequency
f estimated by PLL can be expressed mathematica[li/3d4, [147], [153]:

F=10 &,V Ko i\, dt (4.3)

ppll Veq cq

where f° is the nominal grid frequency (given by, / 2 p). K,i andk,, represent the

proportional and integral gains of the PI regulator in the mod#lddshown inFig. 4.3,

respectively.The natural frequency of th,, andk, is usually tuned between 20
rad/s and 30 rad/s, while the damping ratio is normally set from 0.5 t&/}..in (4.3) is

the measured/actualaxis voltage at the converter filter bdshe relationship between

the angular frequency and gaxis voltageV,, can be illustrated ifig. 4.4.

b
q A
I

I

I

I

I

I

I

I

I

Fig. 4.4 Converter filter bus voltage vector in dq frame

As introduced in Chapter 3, the value\gf reflects the angular position error of the
d-axis of the reference frame and the actual network voltage. For examylg,isf

greater than 0, the angular spa@df the daxis byPLL will increase, and vice versa.
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This indicates that controlling theapmponent voltag¥,, at the converter filter bus can

regulate the system angular spegd hence the system frequendy. Based on this

inference, the-axis voltage order can be depicted as:
v, =k ( - f) (4.4)

where k. and f’ represent the droop coefficient and the frequency order of the

frequency controllerespectively. The principle of the frequency droop controller can be
displayed inFig. 4.5.

VA(:q Vcd
Vc*ch»é—»_ Vg
Vea e T v by Direct voltage
f|* ; control
T o0 v
cq2 |
| f Bz
| |

@ (b)

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

As shown inFig. 4.5, when the frequency ( f; in Fig. 4.5 (a)) measured bPLL is
smaller than the frequency orddr , the frequency droop controller will produce a
positive gaxis voltage orde\r/:ql which will be fed into the @xis control loop of the
direct voltage controller shown ifig. 4.5 (b). Hence,a positiveV,, will appear at the
filter bus AC voltage. Consequently, this positNg 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 theuraqy referencef * . Similar process can

be considered when the actual frequency is higher than the frequency reference.

65



The frequency droop controller combined with the aforementioned direct voltage
controller can regulate the system frequency to the referénc€onsidering the need
for the VSC to operaten 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 idgp dur

which the converter might not be able to deliver the required active and reactive power.
Consequently, the errors producedBy- P andQ - 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 showrFig. 4.6.

Direct voltage
Vv control

Yed_po " .
0% P P e w O ' [Frequency Ve Ly,
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V,
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4N Vconvd
q

Fig. 4.6 Diagram of the adaptive power droop control
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Fig. 4.7 Characteristics of active power reference

During large voltage dip, the ability of the VSC to export active powar be
significantly reduced. Thus, the principle adopted in the adaptive power droop control is

66



to produce a dynamic active power refereewith respect to the ratio of , / V., to

mitigate the control issues caused by the erroP’of P during voltage dipFig. 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 proportemtaligding

to the remaining AC voltage once it goes below 0.9 pu. As showig.id.7, a dynamic

saturation block is used to reduce the active power reference\ﬂéme(lﬁ).gx/;) <P /P,

whereV., 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, andvtise d

voltage mismatch issue will be addressed later in this chapter.

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

’Ié Vc*d =V((:Jd -kq(Q Q)

T . X *

1 $f°+kp(P -P), when VCdO }P_O

Lo 0. P (45)
P =l o ~ .

1 T¢o . Vg b 9 \

} }f +kpg_P —0.9\/63 P ,gwhen 0.9/ <I§

where the variables with superscrkpmd 600
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 frequencyfortiet is
fed into the frequency droop controller, while the reactive power droop controller is used

to produce the-@xis voltage orde¥,, 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

frequencyP and voltage@) regulations, i.e.,

T

T

When the VSC is grid connected, the frequency referdnckas to match the
actual network frequency undsteadystate which may be different to the
nominal valuef®. So the actual active powé delivered by the VSC will be

slightly different to the active power referenBe, which is determined by the

actual network frequency and droop constant Similar for reactive power, the
actualQ delivered by the VSC will be slightly different to the reactive power
referenceQ , which is determined by the actual network voltage and droop
constantk, .

When the VSC is on islanded operation, the active and reactive power of the VSC
are determined by the local loads, which may be differenPtcand 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 value®/ffand f° according tq4.5).

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 witleFM ability ensures stable operations on grid

connection and islandingetworks 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 essealito provide effective current limit control. In addition,

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

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 dq current distribution control for badhcgnnected

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

networls are proposed.
4.6.1 Transient fault current limit control

As discussed in the previous section, the Pl regulator indéixésdlirect voltage control

loop may saturate due to the mismatch between the voltage \Oydand measured
voltageV,, during an external AC fault, which is the main cause for converter overcurrent.

For the gaxis direct voltage control loop, the use of the adaptive active power droop
controler 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 controlle

using a currenvoltage droop control is designed, which is illustrateBig 4.8.

oo e — =
| Transient fault current limit control |
| 1.2)i7|
|||||— ld +2— 4
| )
e o o — —— —_— — —_—
|
convd
Adaptive |
power droop
control |
|

\ 4

Frequency contrg

Fig. 4.8 Diagram of the transient fault current limit control
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As shown inFig. 4.8, an additional voltage control component is added to taeisl
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 quicky reduced in order to limit the fault current. The mathematical model of the

transient fault current limit controller can be expressed as:

0, e1.219|
V =
ko (L217]- 1) 1] >34

corrd

(4.6)

— ——p:

wherek, is the proportional/droop gain, and 1.2 iguconsidered as the overcurrent

protection threshold, while the magnitude of the converter output CL||hr}ei$tgiven by:

||||=«/||§ +e (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 uppeft.lﬁhh,ﬂ‘ (17

is the nominal converter output current), a current error will be produced and a negative
correction voltage/,., will appear through the droop galkg , which effectively reduce

the output eaxis 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 level2|1 °| , 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 ateadystate(below the preset level1.2]I°|), 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 fefipective
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 canreddresseddequately with
existing control schemes due to the saturation of diveltage 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 curreniniseld (1.2 pu in this chapter) to

protect the converter, an extra overcurrent limit conlirestrated ir-ig. 4.9 is designed.

| ? ' .
2/1° b Transient fault
| . |I|| O | current limit control

| | Vcd

LI=J12 42
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. cd . convd
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power droop R control
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* convq
f

\ 4
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A

Fig. 4.9 Diagram of the overcurrent limit control

As shown inFig. 4.9, the daxis 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 theakis voltage ordev_, is given by:

k(Q Q) B, 0<\,

0
d

4.8
(12\1\ NERH IR Y

>(-
—_—) —;—)(D

where k; refers to the proportional gain for the control scheé, represents the

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

which can be expressed as:
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DVcd j‘/c(:i Vcd (4 9)

On normal operation, the difference of voltage magnitdg, is less than the piget
level 0.7, then the ehxis voltage ordeN,, 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 voltagggmtudesDV,, will be greater than the
preset level0.V5 . On this case, the-component voltage ordar, is given by the

overcurrent limit controller as shown fig. 4.9 and(4.8). The general principle adopted
on the overcurrent limit controller is to balance the meastivedicomponent voltage

orderV,, with the measured the-ebmponent voltag®’_, to retain the direct voltage

control loop, so the distribution of active and reactive current isde@armined by the
local load on islanded operation Héh the system is suffered from an external AC fault,
the overcurrent controller can limit the overall fault current under thegirievel 1.2 pu.
This will cause the transient fault current limit control loop to stop working, which has

been mentioned ithe previous subsection.
4.6.3 dq current distribution control

It is essential to maintain the balance of power exchange among the converter, local
load and AC grid on both islamd) 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 gridode) needs to be addressed. As show#@.#) andFig. 4.2, in the

decoupling terms|,; and I, appear to the-cand daxis of the direct voltage controller,
respectively. Any change df; and |, can result in the change of theand daxis of

the converter output voltagé

conv *

This indicates that,, and I,, can be controlled

through the gand daxis of the direct voltage controller, through thecsa | | ed A cr

coupling controb . The detail ed modeal lasmmdboufdiogad syss i
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control 0 have [189% HE5] [&€55]pThenrthe dg current distribution

controller can be designed as illustrateéim 4.10.
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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:

*

-

*
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Vi
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whereV, andV, represent the compensating voltage in the dq reference framefers

to the proportional gain for the control scheme. The reactive current bcrdmn be

given according to the voltage drop during fault as:

=k, M

Ig Vi cd

I (4.12)
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wherek,, is the proportional gain for the reactive current order. Accordir(g.1d), a
larger voltage sadpV,, will lead to a larger reactive current ordc%r and vice versa. The

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

current, as:

* é§/||||2-|,;2, I @2

o =a (4.12)
gae;/l.z\lff- 12.0] 514

On normal operation, the direct voltage controller takes the lead of the whole control
system and the response produced by the dq current distribution controller will be
compensated by the PI regulators in the direct voltage controller to ensure na conflic
between the direct voltage control loop and the dq current distribution control loop. In the
event of an AC fault during islanding or grid connectiogtwork the dqg current

distribution controller will make the measured active and reactive cutigrar(d |, ) to

follow the current orders expressed(4nill) 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 ac«
characteristic. In this scenario, the r@sgpe produced by the dq current distribution
controller are compensated by the Pl regulators in the direct voltage controller.

4.7 Simulation results

To validate the feasibility and robustness of the proposed univ@issl control
strategy, the systenshown in Fig. 4.1 is testedby using a detailed modeh
MATLAB/Simulink environment.The VSC switching frequency is set at 2.5 kHz which
is the typical level for IGBT in mediuthigh power applicatiof24]. The DC side of the

VSC is connected to a constant DC sourc&/ pf Both grid connected and islanded

operations for the univers@FM VSC are tested. The system and control parameters are
stated inTable4.1.
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Table4.1 System and control parameters

System initial parameters

Power rating

400 kW

SCR

5

Nominal local load deman&

200 kW(0.5 pu)

Nominal frequencyf® (1)

50 Hz(100 rad/s)

DC voltageV,, 1300 V
AC grid nominal voltage 690 V
Converter reactanck, 0.2 pu
LCL filter CapacitanceC 0.15 pu
Terminal(transformer equivalent)
reactancel, 0.06 pu
Universal GFM VSC control parameters(pu)
Proportional gairk,, 0.4
PLL
Integral gaink;, 12.57
Active power referencd® 1
Adaptive power droog Reactive power referend@ 0
control Active power droop coefficienk, 0.02
Reactive power droop coefficiekt 0.05
Proportional gairk ,, 0.9
Directvoltage control
Integral gaink, 50
Frequency droop Droop coefficientk, 1.598
control
Transle_nt fault curren Proportional gairk, 2.437
limit control
Overcurrent limit Proportional gairk, 9.242
control '
Proportional gairk; 0.697
dq current distribution : : -
control Proportional gairior reactive curren 14

orderKk,
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4.7.1 Grid connected operation

To verify the robustness of the universalFM 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) duringll5ss using the model
in Fig. 4.1. The simulation results are depicted-ig. 4.11.

R
mmuu|m|mnmnnu|uu|m|ntuthl’l’lm”litll|'I !

1 1 1 | 1 1
0.9 1 1.1 1.2 1.3 1.1 1.5 1.6 1.7 1.8
T T T T T T T T
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Fig. 4.11 Waveforms of grid frequency riga) Converter filter bus voltage (b) Converter
output current (cfrequency (d) Delivered power (ejadis converter filter bus voltage
(N g-axis converter filter bus voltage (g)-akis converter output current (h}agis
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 fegquen

referencef” for the VSC is increased. As showrfiig. 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 constark,.The AC voltage is well controlled at 1 pu, and the reactive

power is largely unchanged, as depicte&io 4.11 (d) and (h). Due to the reduction of
active power, the converter output current drops to 0.8 pu, as can be Begd.itl (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 inFig. 4.12, an additional loadZ, (0.25 pu, 100 kW) is switched in and

off at 2 s an@®.5s, respectively. The simulation results are displayddgn4.13.
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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 inFig. 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 smd 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 seégrih3 (d). The converter
output current and generated power settle down tatdedystatequickly after a tiny
disturbance as displayedHingy. 4.13(b) and (d). According tEig. 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 univeE=dlVSC

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

To test the fault rid¢hrough operation of the proposed controller with grid connected,
a threephaseto-ground fault with a fault resistance of 0.0 is induced into the system
during 3.2 s 3.5 s at the location of shown inFig. 4.14. As the fault resistance is
extremely small, the voltage is almost reduced to 0 during the fault. The simulation results

on this case are displayedHig. 4.15.

V PQ I, Vig

conv

Y. yn—> —> N
b4
I

Vdc

L L C

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

As illustrated inFig. 4.15, the converter filter bus voltagé drops to about O pu

during the fault, while the converter output fault current is largely limited at theepre
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 limibda overcurrent limit controllers. The
frequency is remained at 1 pu resulted from the effective operatiBhlgfwhile 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 @xis voltageV,, drops to O, whiléPLL still effectively forces

the gcomponent voltag¥,, to be O to avoid the excursion of the frequency and phase
angle during the fault. As shown Fig. 4.15 (g) and (h), the active currert, and
reactive current,, are controlled at 0.5 pu andl.05 pu (capacitive) respectively with

respect tq4.11) and(4.12) during the fault, which is the result of the effective operation
of the dqg current distribution controller. After the clearance of the fault, the converter
filter bus voltage, converter output current, frequency and delivered power quickly

recover back tohe normal levels.
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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 W applied at the location df during 4 s 4.3 s. As shown ifig. 4.16, the converter

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

the preset 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 showrfiig. 4.16 (g) and (h), the active curref,
is controlled at 0.9 pu, while the reactive currépts regulated at0.8 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 ifig. 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 displayeéign4.17. As shown, the converter filter
bus voltage remains wetlontrolled 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 delecmactive power and converter output current
drops to 0.5 pu after islanding. Considering the characteristics of the active power droop
controller discussed previously, &M VSC slightly increases its frequency to decrease
the generated active powkeom reference value of 1.0 pu to 0.5 pu. As seen firggn
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 shdvign thl7
(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 ltermina

reactancel,; (0.06 pu).
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The simulation results depicted fig. 4.17 verify that the proposed universaFM
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, oeédoadition and

external balanced AC fault.
A. Load step

As shown irFig. 4.18, the system operates in islanded mode and an additionaZ]oad

(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 ifig. 4.19. As shown inFig. 4.19, the AC voltage at the converter

filter bus is wellcontrolled 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 frequendyops slightly from 1.01 pu to about 1.005 pu due

to the operation of active power droop controber seen irFig. 4.19 (c). Since the
additional load is purely resistive, there is limited change on the reactive power and
reactive current, as seen kg. 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 tbe universalGFM VSC on islanded operation.

L Ly C

Fig. 4.18 System configuration of load steps on islanded operation

Vch‘_ Ly n—> —» EE NY\Q
L 1

B. Overloaded condition

To validate the feasibility of the dqg current distribution on islanded operation during
overloaded condition, an additional lodd (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 intloé additional load at 6 s
caussthe VSC tabeoverloacd During the overloaedd condition, the overcurrent limit

controller operates to limit the converter output current, and then to drop the voltage
referenceV,, for the direct voltage controller. As displayedFiig. 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 currentgotoaround 1.18 puand 0.2 puaati ng t o Ohmés L a
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 equéliéhand (3.7), as
illustrated inFig. 4.20 (d). The frequency is around 1 pu according todtkve power

droop controller, while the-gxis voltageV,, is O pu due to the operation of PLL, as

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

returns to normal operation quickly.

The simulation results displayed kig. 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.

L,
284

Vdc

P
L f CI

_n

L AN
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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\lis simulated during 7-§.3 s at
the location ofF shown inFig 4.21, and the simulation results are showrFig. 4.22.
As illustrated inFig. 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 @nd the system is under zero voltage network, there are not active and reactive
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power exported from the converter. Meanwhi,L locks the frequency at 1.01 pu.
According toFig. 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 dq 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 regpdd)to

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

The simulation results depicted 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 univers@FM 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 conneted 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 th@FM 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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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 demandadlth
loads duringsteadystate 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 addféssed.
current control loop only considers symmetrical AC fawitsich makes the system lack
the capability of dealing with asymmetrical faulfmother issue come out of the dq
current distribution control loop. As mentioned previously, the produced response of the
dg current distribution control loop due to the mismatch of the geneestetive current
order and measured reactive current can be compensated by the Pl 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 correspoadpanse 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 univeiS&M VSC control combines the advantages

of conventionalGFL andGFM 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 ordacsording to the
voltage dip and overall current level to ensure adequate the activeaatigdgaeurrent
sharing. Nevertheless, since the mentioned current controllers only control the positive
sequence current terms, the operations during asymmetrical AC faults neddrthdre

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 negativeequence component current control, to limit and control the current
during fault conditions. To enabléhe separated control of positiveand negative
sequence components, the control schemes are built in double synchronous reference
frames. The proposed control strategy has the capability to deal with symmetdical an
asymmetrical faults and can restore normal operation quickly. To verify the feasibility of
the proposed control strategy, tiwdemain simulations are carried out in
MATLAB/Simulink environment.

5.1 Overall system control

As shown irFig. 5.1, the overall control system is divided into two parts, including the
generalGFM 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 gendgs&M control is based on the control strategies
introduced in Chapterwith partial controlling variables being filtered by notch filters to
extract the positivsequence componeniBo address challenges related to AC faults on
a weak network (i.e., the external AC voltage is not stiff), the voltage balancitrglcon
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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 negatepiene current

control strategy is employed in this chapter to deal with asymmetrical faults.
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Fig. 5.1 overall control systermf the GFM VSC ongrid connection
5.2 GeneralGFM control

The generalzFM 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 andnegativesequence dq reference frames) used inctlapter. Some control
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parameters are implemented in both positarel negativesequence dq reference frames,
which will be introduced later in this section.

5.2.1 Double synchronous reference frames

To facilitate precise control of theFM VSC for positive and negativesequence
component variables, double synchronous reference frames are adopted in this chapter.
Under unbalanced conditionsttaeephase variable without zesequence component

can be decomposed as:

Fabc(t) = F::bc(t) _*Fa-bc(t) (51)

where F

abc

(t) refers to the threphase voltage or current, while; . and F,,. represent

the corresponding positiveand negativesequence voltage or current components,

respectively.

Fig. 5.2 Vector F in the positive dcand negative dgeference frames

It is convenient to model the converter by using a positive refefesnroerotating at
the speed ofwv and a negative reference frame rotating at the spee aluring grid
unbalanced conditiongl49], [156], [157], which is displayed inFig. 5.2. Thus, the
relationship between the representation$ oin the dg and dqgreference frames can be
described aglL49], [156], [157]:

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

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

2
an (S) = > +4M/02

S +ax, s 4 @ (63)

where s and x,, are the Laplace operator and the damping ratio, respectiaglys the

nominal angular frequency of the network. After the separation of the pestne
negativesequence components, it is much more straightforward to control the positive

and negativesequence voltage and current independently.
5.2.2 Direct voltage controlin the positivesequence reference frame

Different from the direct voltage control loop in Chaptertide positivesequence
converter filter bus d@xesvoltages are controlled throughPI regulators while the
negativesequencedg-axes voltages are only determined by the negatisequence
current controller when the network becomes unbalanced. Hence, the direct voltage
control dynamics in the positivequence dq reference frame can be expressed as:

(Vi Vo) Ve W)idt wi L, V,

lg—f

Vo Vo) ki Ve W) dt wkL, v, 54

wher e t he vari abl es wi t h S uper seguence t A
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 dg+
frame), which is to ensure accurate feedforward compensation. The control diagram of

the direct voltage controller is illustratedfig. 5.3.
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Fig. 5.3 Control diagram of the direct voltage controller
5.2.3 Adaptive power droopcontrol in the positive-sequence reference frame

As the voltage ordeNCj; fed into the direct voltage controller in this chapter are in

the positivesequence components, the actRe and reactive powe®” used in this
chapter are also measured in the posis@guence components to avoid the adverse
impact of the seconbdarmonic components on the direct voltage controller during

unbalanced network conditions, which can be expressed as:

cq’lg

%Q* =1.5(VgTy" Vgl

cq'ld

ep* =1.5(V. /1, N I
‘F ( cd 'id ) (55)

Based on the principle of the adaptive power droop controller discussed in Chapter 4,
the expression of the adaptive power droop controller in the pos#yeence

components can be obtained as:

’I.\e. Vc:;* :V(?d -kq( Q Q+)

1 & , VAR =%

1 0 k(P P, when—<_ 2

} f 4 o{ ) 0.9v°% P° (5.6)
T Tgoy (P pry when—tee B

P P 0.9v8 0.%% 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 leM 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 voltageuidr d&ctive power generation.

Q' Vg
Q* ?é—’ kq Vc:j*
V d 0
0.9° o, P4 K :
cd P > f
] - P
0—»
P* fO

Fig. 5.4 Diagram of the adaptive power droop control
5.2.4 PLLin the positive-sequence referace frame

Since there are two dq reference framsed in this chapter, a notch filter is used in

PLL discussed in Chapter 4 as showFim 5.5to extract the positiveequence converter
filter bus voltageV,,, so as to estimate the phase angland frequencyf of the

network. According td-ig. 5.5, the frequency estimated by PLL can be expressed as:

f=1% &V Koy iV, dt (5.7)

ppll Yeq
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Fig. 5.6 Diagram of thdrequency droop control
5.2.5 Frequency droop controin the positive-sequenceeferenceframe

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 inFig. 5.6 is used to build thenk between the active power droop control loop
and gaxis direct voltage control loop as it can exprdes relationship between the
frequency and @xis voltage, while the -dxis voltage orde¥W,, is produced by the
reactive power droop control loop directly. Considering the characteristics of the
frequency droop control discussed in Chapter 4, Hagig| positivesequence voltage

orderV,, can be given by:
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Vo =k (F-1) (5.8)

5.3 Enhanced AC fault current limit control

As discussed in Chapter 3 a@thapter 4, the absence of vector current control loop
during normal operation means that the converter needs to have additionalexdwotrol
ensure the capability of fault ri¢brough. Therefore, it is essential to develop an effective
AC fault current limit control for th&FM 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 meantone,
retain the direct voltage controlldn addition an enhanced dq current distribution is
employed to share the active and reactive cumeoordingly. To control the negative

sequence fault currents, a negatbegiuence 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 cdatilswitching in
this chapter. The control method used in the voltage balancing cloapas 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 thenabcdq

transformatiordirectly without notch filters As shown inFig. 5.7, the upper limit of the

saturation block is set tb.2|I,|, 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 Iesszhan When an

external AC fault occurs, the feedback signal will be saturated and fixed at the level of
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1.2| I 0| , which will produce a correction voltage, , 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:

£0, ] <1.217)
V d — | (59)
ka(l.z\lf’\- ||||) Jnl 2121
r—— — — — — — — — — — |
| Voltage balancing control |
| 1.2)if) |
|||||: g +|§_ O |
l_ = _V°°:-|\;ta; a;s;en:i
_______ ‘I_ .
- - |
e #éy\ Ve 3 —> V.
Adaptive | \( 1 o |
power droop V- | irect voltage
control LY —_ — control
Ve
4f*’| Frequency COﬂtI’(iH—P L5 anvq

Fig. 5.7 Diagram of voltage balancing control

During asymmetrical AC faults, both positivend negativesequence voltages exist,
which could potentially result in overvoltage on the healthy ph§ke8]. As the
converter output voltage fed into PWM is the sum of the positing negativesequence
components produced by the direct voltage and negsgigaence current controllers (to
be introduced later in this chapter), the generated voltage contpoit@ould exceed the
converter voltage capability during asymmetrical AC faults while trying to control the
positivesequence voltage at the converter filter bus at the nominal M&l&g This can
lead to oveimodulation of the PWM block that degrades the controllability of the control
system[158]. To avoid the aforementioned overvoltage and -onedulation issues, the
d-axis voltage order at the converter filter bus is adjusted considering both pasitive

negativesequence components as showRim 5.7, which can be expressed as:
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Vcd :Vc: _Vcorrd Vc (510)

whereV, refers to the converter filter bus voltage in the negagaguence component,

and V.~ represents the adjustedagis voltage order. By applying.10), the daxis

voltage order is reduced considering the presenoegsdtivesequence voltage, to avoid

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

As no negativesequence componerexistduring symmetrical AC faultthe current
variables in this subsection aatsoall derived from theabedq 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 sec al | e dc oflucprloisnsgd contr ol can be asdiveed t
current on the direct voltage control lo@n 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 asritbet reactive

current orderl,’;1 is always dependent on the voltage efddt, 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 variatiwhich 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 sectibn.addition, the
interference existing in voltage and current between thend gaxis can lead to an
unsatisfactory dynamic performance on a weak netwtBd]. 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 iRig. 5.8, the voltage drop between the voltage source

and the terminal can be expresse{Ba

& 9 yvE ee U U :
ngq u Vle ‘glq e u R Ulq
whereVv,, , 14, Voqe andV,,, represent the source voltage, output current, terminal

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:

DV, geR -wlL gl (512
é o é s :
&Veq l]gWL R HI@
where DV,, and Dl ;, refer to the deviation of voltage drop and current flow in the dq

reference frame, respectively. According(812), the transient voltage drop can be
controlled by regulating the current flowing through a virtual RL impedance. Thus, the
control dynamics of the enhanced dg current distribution controller in the dq reference

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

?'Vd :ki(lld I’Id) kz'(qu llq)

1IVq=I<1(I|*d 1) (1 1s) (5.13

whereV,; andV, represent the compensating voltage in the dq reference frame, which

will be fed toV_,, , andV,,,,. respectivelyk, andk, refer to the proportional gains of

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

current distribution controller is displayed Fing. 5.9. The current orders,; and1, in

(5.13) are given by:
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wherek; is the proportional gain for the reactive current order.

Voltage balancing |— ——— === ———
control

Adaptive
power droop
control

A 4

Frequency contrg

Fig. 5.9 Diagram of the enhanced dqrrent distribution control

On normal operation, the difference between the nominal voltage mag¥itudithe
network and the measured posits@guence -@xis voltageV,, is negligible (much
smaller than 0.1 pu), which makes the current ordgrsand I,*q equivalent to the

measured currenity; and I,,, 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 safl 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 ordgrand I,*q produced
according to(5.14), while the actual current,; and I, will track the relevant orders
through the enhanced dq current distribution controMerl,, and I, are not processed

by the notch filter, negativeequence components will exist I and I, during

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

also have impact on the negatsequence components.

Different from the dqg 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 faultsCompared to the method of switching to a sepdraterent
control loop, the enhanced dq current distribution controller produces additional voltage
components in thd- and gaxis to retain the AC voltage controller, rather thasimple
control mode switching which may cause system instability, especially during the mode
switching transients. Furthermore, it eliminates the interference existing in current

between the -dand gaxis to ensure a stable operation during faults.

5.3.3 Negativesequence current control

When the system suffers from an asymmetrical AC fault, the measured cufyents
and I, will contain negativesequence current components which appear as secded

(doublefrequency) harmonics on the positisequence reference frame. As the existing
dg current distribution controller does not specifically target the negseiyeence
cumrent, the negativsequence fault current cannot be precisely controlled. To ensure the
adequate control of the negatisequence current, a separate negaeguence current
controller is designed as displayedHig. 5.10.
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Fig. 5.10 Diagram of the negativeequence current control

As depicted irFig. 5.10, the overall control strategy of the negatsefjuence current
controller employs a proportional gain to ensure the nega@yeence dgxes current

(lgand ;) to track the preset values in the event of an asymmetrical AC fault. Hence,

the principle of the negativeequence current control can be expressed as:

?Vc-onvd = ks( Iy -l Id) Wl Vi

| N ) (5.15)
Tvconvq:%(llq _Ilq) H/Lfl Id VE'(_]

whereV_

o lg @nd I, represent the negathsequence measured converter filter bus

voltage, reference and measured converter output currents, respedtivedy.the

proportional gain for the negatisequence current controlléf,, , and refer to

\/;;nvq
the measured negative sequence converter output voltage, which will be combined with

+ +
Vg @NdV,

c onvq

to form the reference voltage for the PWM modulator as displayéd.in
5.1. It should be noted that adding sepatategativesequence decoupling terrmd 1,
and feedforward term¥_,, can potentially affect the stability of the converter due to the

andV; are added

convdq

adverse effects brought by the notch filterS89], [160]. As chnvdq

to form the overall output voltage, the decoupling temhs!,, and feedforward terms

V.4 €an be included in the existing direct voltage control loop. As displayed).is.3,
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the decoupling#l 1, and feedforward termg_,, on the direct voltage control covers

both positive and negativesequence components. Thus, there is no need to add seéparate
negativesequence compensation here, and the negsdéigeence current controller can

be simply expressed as:

F\/c_onvd = ks( II; -l Id)

’I[\Vc-onvq = k’s( IIc: _I Iq) (516)

As aforementioned, the enhanced agrent distribution controller impacts on the

negativesequence current, and thus, the proportional ¢aimsed in the negative
sequence current controller needs to be larger than the proportionakgaimdk, used

in the enhanced dq current distribution controller, to ensure the negatjuence dq

axes current to follow the piget current orders effectively.

As negativesequence current may be needed for fault detection, the profile of the

negativesequence current ordet§ and I,'q* can be given by:

. fél,;,, V., <0.1pu
‘¢ 770.219,V; 2 0.1p

5.1
. $lh, V., <0.dpu (547

c

L 710218V, 2 0.1pL

During normal network conditions, negatisequence voltage will be very small, i.e.,

V. is less than 0.1 pu. Thus, the negateguence current ordet§ and Il'q* are

equivalent to the measured negatbegiuence currerf and I, . This means that the

negativesequence current controller will be deactivated and have no impact on the

system dynamics. However, during an asymmetrical AC feultwill be greater than

0.1 pu, which will cause the negatisequence current ordelg and Ilg; to be

transferred th.Z‘Ilo‘ 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 negatigequence current controller will regulate the negative

sequence current to track the new current ordé)r.Zkflo‘ .

5.4 Simulation results

To verify the feasibility of the proposed control strategy, the overall system shown in
Fig. 5.1 is implemented for timelomain simulations in MATLAB/Simulink. Th&FM
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 f&ules shown irrig. 5.11.
A timed fault logic component is used to automatically apply the faults with a fault

resistance of 0.¥ . The DC side of th&FM VSC is connected to a constant DC source

with a DC voltage oV, . A detailed switching model in MATLAB/Simulink is used. The

system and control parameters are depict@abie5.1.

Vv v R L V,

VdCJ__ ;nv e c
L Li c 1— =

Fig. 5.11 System configuration of theFM VSC with an external AC fault
5.4.1 Symmetrical AC fault (threephaseto-ground fault)

To validate the ability of symmetrical fault ridierough of the proposed controller, a
threephaseto-ground fault is applied at the location Bf at 1.5 s and 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 illustrafégl in
512
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Table5.1 System and control parameters

System parameters

Nominal AC voltaggL-L RMS)

110 kV

Nominal frequencyy, ( f°)

100" rad/s (50 Hz)

Based Power

100 MW
AC networkSCR 2
Converter DC voltag¥/,, 100 kV
Convertempower rating 100 MW
Converter reactanck, 0.2 pu
Filter capacitance& 0.15 pu

Transformer (Y/Y), inductancé,,

55/110 kV, 0.05 pu

Control parameters of theGFM VSC (pu)

Proportional gairk 2.032
PLL :
Integral gaink;, 314.159
Active Power referenc®’ 1
Power droop Reactive power referend@ 0
control Active power droop coefficienk 0.02
Reactive power droop coefficiekf 0.01
Frequency droop Droop coefficientk, 0.902
control
Direct voltage Proportional gairk, 0.9
control Integral gaink, 40
Voltage balancing . -
control Proportional gairk, 8.265
Reactive current order gak, -1.4
Enhanced dq
current distribution Proportional gairk; 0.3
control - _
Proportional gairk, 0.3
Negativesequence . :
current control Proportional gairk, 0.8
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Fig. 5.12 Waveforms of thre@phaseto-ground fault (a) Converter filter bus voltage (b)
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As shown inFig. 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 theepievel
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 actveactive
power drop to 0, which can be seerfig. 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 positivesequence -@xis voltageV,;, drops to around 0 during to the fault,

which causes the active power order to be 0. Thus, the pes#@tuence -@xis voltage

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

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

the reactive current, quickly go to aroundl1.25 pu whereas the active curreljf is

finally limited at 025 pu to avoid thevercurrent damage of the converes 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 thpdmseto-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, ashown inFig. 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 directoltage controller. This can be avoided by the proposed
enhanced dq current distribution controller that equalises the current orders and measured
currents, as shown iRig. 5.12. As shown inFig. 5.13 (c)-(g), the voltage and current
experience severe oscillations during the fault, which are damped with the proposed
enhanced dq current distribution controller to mitighteinterference existing in voltage

and current between the ahd gaxis.
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Fig. 5.13 Waveforms of thregphase to ground fault with the dq current distribution
controller in Chapter 4 (a) Converter filter bus voltage (b) Converter output current (c)
Delivered power (d) xis converter filter bus voltage (e)agis converter filter bus
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By comparing the simulation results depicteérigq 5.12 andFig. 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 cuaatrdingly.
5.4.2 Asymmetrical AC faults

To test the ability of asymmetrical fault riddlerough of the proposed controller, three
categories of asymmetrical faults are tested and illustrated including -pimageto-

ground fault, phasphaseto-ground fault and phage-phase fault.
A. Single-phaseto-ground fault

Fig. 5.14 shows the simulation waveforms during a siAgi@aseto-ground fault at the
location of F . In this scenario, phase A is shontcuited to ground from 2 sto 2.3 s. As
shown inFig. 5.14 (a), phase A of the converter filter bus voltage drops significantly due
to the fault. h addition, the eaxis voltage order in the positheequence dg frame is

reduced by the voltage balancing control and voltage adjustment as gisd®)ywhich
leadsV,, drops to 0.7 pas depicted ifFig. 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 inFig. 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,, remains at 0 pu blLL to maintain the frequency at

the grid level, as shown kig. 5.14 (d). As illustrated irFig. 5.14 (e) and (f), he dgaxes
currents in the positiveequence componentk;(and l;) are shared at 0.9 pu ar@2
purespectively, which is resulted from the effective operation of the enhanced dq current
distribution controller as given if5.14). As shown inFig. 5.14 (e) and (f), he negative
sequence current controller regulates the negaggeience currentd { and | ) at the
pre-set level of 0.2 puo actively provide negativeequence fault currents to the network

(e.g., for fault detection)As the negativsequence voltage is controlled through the
negativesequence current controller, the-akkps voltages in the negatisequence

components\(; andV,) go t0-0.3 pu and0.05 pu, respectively.
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To validate the importance and necessity of the employment of the negeqvence
current controller during asymmetrical faults, the converter is tested without the negative
sequence current controller in the event of a sipblseto-ground fault. Thesimulation
results are displayed ifig. 5.15. As seen, without the negatigequence current
controller, the negativeequence currents cannot be controlled, which also causes the
divergences of the positiveequence curregtand the positiveand negativesequence
voltages. The converter tends to become unstable, which indicates the significance of
controlling the negativsequence currents when the system is subject to an asymmetrical
AC fault.

B. Phasephaseto-ground fault

Fig. 5.16 displays the simulation waveforms during phpblaseto-ground fault at the
location of F . In this case, phases A and B of tiework are shottircuited to ground
at 2.5 s with a fault duration of 0.3 s. As depicted fileign 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 irfrig. 5.16 (c) and (d), the adjustedakis order andPLL drive

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

fault, while theV,; andV,, 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 (f) illustrate the simulation waveforms of the positive
and negativesequence currentsThe negativesequence daxes currents are also
controlled at the reference level 0.2 pu according to the negaugence current
controller as given i(5.17). Additionally, the enhanced dq current distribution controller
effectively distributes the positiveequencealg-axes currents at 0.7 pu ar@l9 pu by

following the current orders given (6.14).
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C. Phaseto-phase fault

In this scenariophases A and B of the network are skortuited to each other at the
location of F from 3 s to 3.3 sFig. 5.17 showsthe simulation waveformduring the

phaseto-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)@xis converter filter bus voltage (dexis converter filter bus voltage

(e) daxis converter output current (faxis converter output current
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As can be seen frofffig. 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($110) is followed by the direct voltage controller to

control V., at 0.5 pu, whilePLL effectively forcesv,, at O pu, as illustrated iRig. 5.17

(c) and (d). According té-ig. 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 pesiigeence

dgraxes currentsl(; and l;) are distributed at 1.05 pu ar@i25 pu respectively by the

enhanced dq current distribution controll&ccording to(5.14), the reactive current

order I,; depends on the voltage drop corresponding to the nominal pesing

negativesequence voltages. With the positiaad negativesequence voltages going to

0.5 pu and 0.45 pu respectively, the reactive current dfqdbecomes small, hence a low

positivesequence reactive curreht to prevent ovewoltage on the healthy phade.

addition, the negativeequence dgxes currents are effectively controlled at 0.2 pu by
the negativesequence current controller. Through regulating the negsdigaence dq
axes currents, the negatisequence dgxes voltages go te0.25 pu and 0.4ou

respectively, as shown Fig. 5.17 (c) and (d).

The simulation results for all the three categories of asymmetrical AC faults validate
that the proposed negatigequence current controller can effectively control the
negativesequence daxes currents during asymmetrical faults, while the overall fault
current limiting and sharing of positigequence dgxes currents can be adequately
accomplished by the proposed voltage balancing controller with adjusted doltage
order and enhanced dq current distribution controller.

5.5 Summary

In this chapter, th&FM control strategy proposed in Chapter 4 is improved to ensure
stable operation when connectedataveak grid and effective AC fault current limit
control during both symmetrical and asymmetrical AC fauléglditional voltage
balancing, enhanced dqg current distribution and negatgeence current control are

proposed. The control system uses double synchronous reference frames to realise the
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separated control of positivand negativesequence components during asymmetrical
faults. To cater for various AC faults, the voltage balancing coidop is adopted
instead of the overcurrent limit controller to retain the AC voltage controller for overall
fault current limiting. To avoid overvoltage and oveodulations during asymmetrical
faults, an adjusted voltage order is used to reduce-#xesd/otage reference. As the dq
current distribution controller used in Chapter 4 can aft#t¥l operaton during normal
condition when the network becomes weak, it is replaced by the proposed enhanced dq
current distribution contrdbop to ensure the sharing of the active and reactive current
during symmetrical AC faults. To precisely control the fault current during asymmetrical
faults, a negativesequence current contretrategyis proposed. The viability of the
proposed control strategy has been confirmed using thedimmain 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 GEM VSC based on the control strategy
introduced in Chapter 5 is developed. By applying the impedaased method
introduced in Chapter 2, the admittance of@keM VSC in the system dq reference frame
is derived, and then transformed into the admittance inptsitive and negative
sequence (pmeference frame by applying the methodlii4], [161], [162] to simplify
the stability analysis. Based on the converter admittances in the pn reference frame, the
stabilities of theGFM VSC andGFL VSC on weak networks are compared according to
the Nyquist stability criterion and tirdomain simulations. The effectiveness and
accuracy of the gridupporting function for th&FM VSC andGFL VSC are verified by
frequencydomain analysis and tirrdomain simulations in MATLAB/Simulink

environment.
6.1 Admittance of the proposedsFM VSC

As presented in Chapter 5, the control system oGkl 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 oerttiecontrol systemin 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 loophus, 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 frequedoynain, nonlinear systems have to be
linearised firdly [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 deriveld should be noted that the gene&#M 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 negativesequence 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 liaister.

J__ Veony P,Q I V.l g L R L V,
Ve —H—=—=>=>——(()
L L h 4 C Vcd‘
7y —»|ab 1 ap >l Notch filt =
q dq = dq > otch Titer =

g—> ab

convqg

Ve

q
Fig. 6.1 The control configuration d6FM VSC
6.1.1 Admittance in the dq reference frame

As mentioned in Chapter 4 and Chapter 5, PLL is addptetthe proposeGFM VSC
to synchronise with the AC grid. Due to the use of PLL, there are two reference frames
existing in the system as shownFig. 6.2. One is the system dq reference frame (with
t he super scr iHRgt6.2)fiasddhe dthesipthe aonteolter dg reference frame
(without the supdig 6.2 fl14)[124)A16%)]. Theeqgnirottet dgd i n
reference frame is defined BY.L, which is used for the estimation of the grid parameters
to find the position of the system deference frame. In this chapter, the variables with

the superscript fAso are i nVgt heandvy s arem dq

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

reference frame.
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Fig. 6.2 System and controller dq reference frame

In steadystate the controller dq reference frame is aligned with the system dq
reference frame. When a smsitjnal perturbation occurs on the grid voltage, the position
of system dq reference frame is changed, which causes the controller dq reference frame
to be misaligned with the system dq reference frame due to the PLL dyn&b2idk
[166]. Hence, an angular position erfidg between the two reference frames appears, as

shown inFig. 6.2. The small signal model of PLL can be depicte#im 6.3.

wnlk

Dv, Notch filter—»{ PI

» Dg

Ve ]

Fig. 6.3 Small signal model of PLL

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

be expressed as:

Dq = (Dm) :éz Dﬁ) GpII:(S) \gq (61)
where G, () represents the closed loop transfer function of PLL, given by:
Gn (S) St ]
G (9 = — f ( ai lij”) (6.2)
Vs + Ge(9( Ve K SV k)
wherek , andk, are the proportional and integral gains of the PG|.(s) represents

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

The dynamics of th&FM VSC for the circuit shown ifrig. 6.1 in the system dq

reference frame can be expressed as:
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é’%'—fLe s (6.3)
el I

whereVy, . Veq @nd 15, represent the converter output voltage, converter filter bus

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

Based on(6.3), the linearised small signal model of the system depictEi.1 can

be derived as:

o, eds -uly g D)

Iﬁq _%{)Lf Lfs HQ

where Dv;, ., DV, and Dig, are the disturbance (small signal) variables of the

S
eD‘/convd

gw

convg

(6.4)

o

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

reference of the system, respectively.

In steadystate the converter filter bus voltageg, andV,, in the controller dq

reference frame determined by the PLL equal to the correspo¥dirmndV,; in the

system dq reference frame, which can be givefiB¥4], [161], [167], [168]:

&,y geécos(Q si{ 0 &
&, B sin(0) cof 9 G ©

However, the small voltage perturbatiobe, and Dv;, existed at the converter filter

bus will cause PLL to extract an angle deviatiogq 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:

&yt Dy gécog O+ @) si{ 0+ P&, D 66
o+ B, G&sin(0 + @) cof 0 i+ (©9)

As introduced in Chapter 3jnDg ° [RandcosDg °1when the angle deviatiofg

is small. By subtracting th&eadystatecomponentsn (6.5), (6.6) can be rewritten as:
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p AN /S s
eDvcd ) eDvcd + cq +qDSq[

S S 67
eDch 38[)\/ 'Wd 'chSd[ ( )

Cl

By eliminating the second order terrdg Dy, and Dg B, (6.7) can be simplified as:

g:)‘/cd g eDv:d + cq (6 8)
Ve, gvaq -

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

é:)vcd Qé,l cq pII(S) @@d

e u (6.9)
eDch t[:llé) 1- VchpII (S) l\][gq

In a similar way, the current perturbations in the controller dg reference frame can be
obtained as:

é,Dild ﬂeth +dD|cS1 ‘?’_0‘\?||§Gpu(5) \@e +i|dsii

. CF 6 , 6.10
gDhq ugDm + ‘ﬂm l] Oé Ikppu (S) \&@[S Iqull;:ll ( )

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:

a:)/sonv g @ onvi qD convq @ :VS \; C @lconv E
d H g d - é g; FﬁI \f é %/ dl:J ( 6.1 1)
@ convq u onvq convd convg; [.(I ’ conva |J

: &0 o, .. O
Defining matrices: Dv, %Cd , D % Y, D :gg'd , Dif :éDiIS ,

€-"Veq 6>V, €=l €~

> _eDv; el S €0 S

Dvconv _S:)vconvd ) Dvcsonv Csonvd ) A =é cq p”() ) B =é lq pll()

echonvq @Dvconvq @ 1 Vcd c-:'pll (S) @ I IdeII (S)
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_ %ﬂ -Vcinqu pll(s) eL;s -mlL

= go Vc?)nvdeII(S) andz = g%Lf Ls (6.4), (6.9), (6.10) and(6.11) can be
rewritten as:
Dvg,, - B Z=i7 (6.12)
Dv, =A D (6.13)
D B W # (6.14)
DV, = B VD V| (6.19)

Considering that th6&FM 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:

Y :Ef( o) (6.16)
€ 0 (ko +ky)/s
p=g 0 ek 6.1
gyl 0 (617
The relationship betweew;, andV,,, can be expressed as:
é/ti 9 é/cd - d;nf (S) O
s GNg by definingN =g (6.18)
& i & §0 6,09

Thus, by linearising6.18), the small perturbation of the posittéequence component

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

é,DV:d gNéDVcd ﬂ:N \D (6.19)
@Dch Y éDch U

where Dv, and m;q represent the positiveequence component voltage deviations in

the controller dqg reference frame at the converter filter bus.
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The time delayT, caused by the adoption of digital control method and PWM is
introduced, which can be defined[a44], [118], [120], [165]:

&/(1+ 0.9 0
é ( ) (6.20)

F=¢g

€ o0 1/(1+ 0.5,5)
whereT, is set at one (for PWM delay) and half (for control loop sampling rate) of the
PWM duty circleT, (i.e. 0.4 ms), hence 0.6 ms in this chapiteis worth mentioning

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

but occurs over the full timé&, , so 0.51, is taken here as the average delay.

Hence, by assuming constant voltage ordé€fsandV,,

. » the small perturbation of the

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

Dv,,, ( VN vDD#, Dv,) (6.21)

conv

Considering6.12)-(6.21), the small signal admittance of t&&M VSC with constant

voltage orders/; anch;* in the system dq reference frame can be derived as:

_ D -FVAN £DB FA E+I
G Y Z FD

c

(6.22)

gl 0
wherel is the identity matrix that can be defined%s 1 Y, Can be represented by

four elements {449 s Yieoao(D » Yiseqa(D ANA Y (9) in @ matrix as:

scqq

éY\/SC YVSC
v el 9 Yuf 3

vsc 6.23
ngsch( 3 szcq(( $ ( )

As the voltage order¥,, and VC;* shown inFig. 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 showrtrig. 6.1 can be linearised as:
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DV, =% ( D ) (6.24)

cq
In the same way(6.1) can be linearised as:

pll(g
20

Df (6.25)

When the positivesequence -@xis voltage ordevc;* is given by the frequency droop
controller with a constant frequency referente, and the positivsequence -@xis
voltage orderV,, is fixed, which givesDf* =0 and Dv}, =0, the small signal

perturbations of the voltage orders can be derived as:

*

M S
eDv,

0
€
PV k

t’PeS'Gpu 3/20 % (6.26)

As discussed in Chapter 5, the instantaneous power in the pestjuence

el
Y

[(=ZeiFN]

component generated from t8&M VSC can be expressed in the controller dq reference

frame as:
P =1.5(V,g1," Mgl (6.27)
Q" =1.5(Vygly" Vgl (6.28)

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

deviations DP* and DQ") can be derived as:

R o818 157 0B el 19, D
pr 3815 45° §v ung,c 180 i,

where Di;; and Dilg represent the converter output current deviations in the positive

(6.29)

QO P

sequence component in the controller dq reference fréfjjeand I refer to the

steadystate converter filter bus voltage and output current in the pos#eguence

component in the system dq reference frame.
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The power droop controller shownfing. 6.1 can be linearised as:
D, =k( QT (6.30)
D" =%, ( -PD (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 obdérsand Dv;; can

be expressed as:

el gl 0 & @

7 ~

g 0 ; ;
u Ee k a& k & b

The relationship betweebi, and Di, is similar to(6.18), which can be expressed

1 @ 0 ge0 8,

g
0ok o shisrp & ©F

as:
Dy I*a-‘rxl(‘aDi"’ N i (6.33)
&+ GNé  OoN | :
Oy § & g
> e15/"° 1.5/ e1rs’* -15°
Defining K = g_ kq 0 ’ V= é Ci ch‘3 ' :é Iq+S Idﬁ ’
&80 Kk, -1, -13/, g 1.9, 1.3,
e0 0 el O . .
P=z and G = & , the total small signal admittance of t6&M
0 =G, (9/2p 0 ki

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

v _FVGKVBN ++VGKCAN FVKP FVAN FDB FA 4 | +

vsc (634)
-Z ¥D RVGKVN

where the calculated admittandg,. of the GFM VSC represents the part within the

boxed formed by the red dotted lines, as illustratdeign6.4.
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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 il 69], [170], the dq impedance method is better suited for modelling.
Nevertheless, it is complicated for stability analysis as there is frequency transformation
in the dg impedance meth{ill4], [118], [124], [165], [171]. Thus, the admittance in the
dq reference frame is transformed into the pn reference frame to build a more
straightforward model in a common frafi& 2], which is also easier to combine with the
grid impedance[171]. According to[114], [162], [171], [173], the small signal
admittance of th&sFM VSC depicted in6.34) can be transformed in the pn reference

frame as:

szcpp(g :%( szcdc( S- II'I/o) _}(vscqg S :VI() Y\?Ic,-ctgd S JK)I sz&_jq S bW (635)

szcpp( Q = %( szcdc( S+ M/O) -szcq(1 S m Y\?I%-c&d S IW YVS&!Z] S bm) (636)

szcpp(g :%( szcdc( S- II'I/o) -szcq(1 S '.VK) Yv-scgd S JW szc(aq S I)W (637)

ool 975 (Yl S+ Huh's ) Yalis W Yefs D) 639
_ é, szcpp( @ szcpr( $

) (T - : 6.39
N N (S 2 14)  Yieenl S 2 W) (639
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whereY ., iS the small signal admittance of t&&M VSC in the pn reference frame.
Yool S + Yoscor( D + Yoeenl(S- 2 5) and Y,.,(S- 2 jg) are the four elements of the

matrix shown in6.39).
6.1.3 Validation of analytical admittance for theGFM VSC

To verify the accuracy of the small signal admittance ofGR& VSC calculated by
the method discussed previously, a tidemain model using the control system shown
in Fig. 6.1 is established in MATLAB/Simulink. The system and control parameters are
depicted inTable 6.1. By adopting the admittance measuring method in-tlor@ain
introduced irf114], the admittance in timdomain simulation can be extracted. T3eM
VSC is set to export 1 pu active power into the AC grid with an SCR of 2. As the
impedance oboththe capacitor and transformeainalso impact on the total admittance

of the system, the final admittance in the pn reference frgmg,; 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 depicteig)i®.5.

T T T T T T T T T T T T e—Y

. ' VSCPNT

| I

! Voo PQ I, Vig Ln R L VY
vt — — @ '

| A - | .
| |

! Controller :

I

Fig. 6.5 Schematics of the final admittance calculated by the small signal model
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Table6.1 System and control parameters

System parameters

DC voltageV,, 100 kV
Power rating 500 MW
SCR 2
Nominal frequencywy, ( f°) 100p rad/s (50 Hz)
Converter reactanck, 0.2 pu
Filter capacitance& 0.15 pu
Transformer (Y/Y), inductancé,,, 55/110 kV, 0.05 pu
Control parameters of theGFM VSC (pu)
Proportional gairk 1
PLL :
Integral gaink,, 78.54
Active power orderP’ 1
reactive power ordeiQ’ 0
Power droop control ) .
Active power droop coefficienk 0.02
Reactive power droop coefficiekt 0.02
Frequency droop Droop coefficientk, 1.65
control
Proportional gairk , 1.08
Direct voltage control
Integral gaink, 9.6

Fig. 6.6 compares the admittances calculated using the analytical method and those
measured from the timdomain simulation model, where the pink line denotes the
analytical admittance and the red asterisks represent the measured admittance from the
time-domain malel. As displayed irFig. 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 tdomain model for th&FM

VSC with P andQ control

The GFM VSC depicted irfig. 6.1 has an outer control loops with and Q control.

Further studies using an outer control loop withand AC voltage control (i.e., removal

of the Q controller) are carried out as shownFhig. 6.7. Using the same system and
control parameters as ifig. 6.1 and Table 6.1, the comparison of the small signal

admittanceY vy and the timedomain model admittance for t&M with P and AC

voltage control loop is illustrated Fig. 6.8. As seen, the admittances match well, which

validates the accuracy of the small signal model.
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Fig. 6.7 The control configuration of theFM VSC with P and voltage magnitude control

Comparing the admittances shown in Fig. 6.6 Bigd 6.8, it can be seen that the
removal of the oute® 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 thg ) largely resemble the physical inductance of the converter

system (with the admittance angle closetddegrees) as tli&-M behaves as an internal

voltage source behind an inductance.
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