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Abstract

For the penetration of renewable-based energy sources, electrical systems in
the form of microgrids have been extensively developed, where the inter-
faces used for interconnecting the prime movers and microgrids are normally
based on the power-electronic inverters; however, because of the low-inertia
characteristic of power-electronic inverters, AC microgrids may exhibit inten-
sive frequency dynamics. In this manner, the grid-following (GFL) inverter
control methods which rely on additional grid-synchronization techniques,
may fail to maintain the frequency stability. Then, the grid-forming (GFM)
inverter control methods have been considered as solutions to achieve a more
reliable integration of renewable-based energy sources. Among these GFM
control methods, the virtual synchronous generator (VSG) has gained a lot
of attentions. However, its embedded inertia emulation may lead to a poorly
damped system with restricted stability margins. This PhD project is con-
ducted to investigate the active-damping methods for VSG-based AC micro-
grids for a better renewable-energies integration in the future power system.
This PhD project was conducted under a joint cooperation with the WindFlag
project, a collaborative project between Denmark and Turkey for a large-scale
offshore wind power plant integration.

In the literature, active-damping algorithms for VSGs have been continu-
ously investigated, and modifications of the VSG control scheme have been
widely reported for either stability boundary extension or low-frequency
power oscillation suppression. Nevertheless, these investigations are often
conducted without considering the inertial effect, which inevitably leads to
the inertial response degradation. Another problem is that the active-damping
strategies in most of the existing research works have been proposed on the
basis of reduced-order small-signal models. Such models may not provide ac-
curate results, especially when the bandwidth of the current-voltage control
is restricted. Moreover, the investigation into the damping-level improvement
is mainly conducted using the single-inverter-infinite-bus scenario, whereby
the interactions among VSGs in a microgrid are neglected.

To eliminate VSG power oscillations and extend the stability boundary of
VSG-based AC microgrids, investigations on the VSG modeling and advance
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active-damping strategies have been carried out in this PhD project. Firstly,
a power-reference-feedforward control scheme and a fractional order control
scheme are proposed. This achieves a smooth active power control with-
out affecting the VSG inertial response. Subsequently, the power-reference-
feedforward control scheme is extended for regulating both output active
and reactive power. A state-space small-signal model is developed consider-
ing the power control, current-voltage control, time delay, virtual impedance
and equilibrium point shift. Using this model, a stability-oriented optimal
VSG tuning is put forward to extend the stability boundary of VSG-based
AC microgrids. Finally, the research is extended to an AC microgrid that
includes multiple parallel VSGs. An active-damping strategy which contains
self and mutual active damping controllers to eliminate both self-induced
and mutually induced power oscillations arising from the parallel operation
of VSGs is proposed.

vi



Resumé

Til indtreengen af vedvarende baserede energikilder er der i vid udstraekn-
ing udviklet elektriske systemer i form af mikronet, hvor greenseflader, der
bruges til at forbinde de primeere motorer og mikronet, normalt er baseret pa
de stromelektroniske invertere; men pa grund af den lave inerti-karakteristik
af effektelektroniske invertere, kan AC-mikronet udvise intensiv frekvensdy-
namik. P& denne made kan de net-folgende (GFL) inverterstyringsmetoder,
som er afheengige af yderligere netsynkroniseringsteknikker, muligvis ikke
opretholde frekvensstabiliteten. Derefter er de grid-forming (GFM) invert-
erkontrolmetoder blevet betragtet som lgsninger til at opna en mere péalidelig
integration af vedvarende-baserede energikilder. Blandt disse GFM-kontrolm-
etoder har den virtuelle synkrongenerator (VSG) fdet en masse opmeerk-
somhed. Dens indlejrede inertieemulering kan dog fore til et darligt deempet
system med begraensede stabilitetsmargener. Dette ph.d.-projekt udferes for
at undersoge aktiv-deempningsmetoderne for VSG-baserede AC mikronet til
en bedre integration af vedvarende energi i fremtidens elsystem. Dette ph.d.-
projekt er gennemfort i et samarbejde med WindFlag-projektet, et samarbe-
jdsprojekt mellem Danmark og Tyrkiet om en storstilet offshore vindkraftin-
tegration.

I litteraturen er aktiv-deempningsalgoritmer for VSG’er lebende blevet
undersegt, og modifikationer af VSG-kontrolskemaet er blevet rapporteret
bredt for enten stabilitetsgreenseudvidelse eller lavfrekvent effektoscillation-
sundertrykkelse. Ikke desto mindre udferes disse undersggelser ofte uden
hensyntagen til inertieffekten, som uundgaeligt forer til inertiresponsforringe-
Isen. Et andet problem er, at de aktive deempningsstrategier i de fleste af de
eksisterende forskningsarbejder er blevet foresldet pad basis af smésignalmod-
eller af reduceret orden. Sadanne modeller giver muligvis ikke nejagtige re-
sultater, iseer nar stremspeendingsstyringens bandbredde er begraenset. Desu-
den udferes undersogelsen af forbedringen af deempningsniveauet hoved-
sageligt ved hjeelp af single-inverter-uendelig-bus-scenariet, hvorved interak-
tionerne mellem VSG’er i et mikronet negligeres.

For at eliminere VSG-effektoscillationer og udvide stabilitetsgreensen for
VSG-baserede AC mikronet, er undersegelser af VSG-modellering og avancer-
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ede aktiv-deempningsstrategier blevet udfert i dette ph.d.-projekt. For det
forste foreslas et power-reference-feedforward-kontrolskema og et fraktionelt
ordenskontrolskema. Dette opndr en jeevn aktiv effektkontrol uden at pavirke
VSG-inertiresponsen.  Efterfolgende udvides effekt-reference-feedforward-
styringsskemaet til regulering af bade udgangseffekt og reaktiv effekt. En
state-space small-signal model er udviklet under hensyntagen til effektstyring,
stremspeendingsstyring, tidsforsinkelse, virtuel impedans og ligeveegtspunk-
tforskydning. Ved hjelp af denne model fremlaegges en stabilitetsorienteret
optimal VSG-tuning for at udvide stabilitetsgreensen for VSG-baserede AC-
mikrogids. Endelig udvides forskningen til et AC mikronet, der inklud-
erer flere parallelle VSG’er. En aktiv deempningsstrategi, som indeholder
selv- og gensidige aktive deempningsregulatorer for at eliminere bade selv-
inducerede og gensidigt inducerede effektsvingninger, der opstar fra parallel
drift af VSG’er, foreslas.
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Chapter 1. Introduction

1 Project Background

1.1 Renewable Energy Growth

After two industrial revolutions in the 18th and 19th centuries, the energy ex-
ploitation has moved into a new era where fossil fuels are the major resources
to supply the global energy consumption; however, with the industrialization
and economic development going on, side effects such as the energy depen-
dency and pollution have become global issues [1]. Then, to meet the increas-
ing energy demand and to fulfill the climate pledge, today’s power system
is undergoing a rapid transformation towards the low-carbon electricity gen-
eration, where renewable energy resources, i.e., hydroelectricity, photovoltaic
(PV) and wind, have been continually exploited [2]. Taking wind and solar
PV as the examples, as depicted in Fig. 1, significant growths in the installed
capacity have been achieved over the years. More specifically, in 2021, the to-
tal installed wind power capacity increased to 830 GW, and the total installed
solar PV power capacity reached 892 GW [3,4]. Compared with that in 2020,
remarkable growths of 12.8% and and 20.4% have been made in the wind
and solar PV, respectively.

1000 Wind Power Capacity 2010-2021 (GW) 1000 Solar PV Power Capacity 2010-2021 (GW)

I Offshore Wind| EUtility-Scale [JResidential
800 I Onshore Wind 4 800 HEIndustrial [ Of-Grid
600 1 600 f
400 1 400
200 1 200

Fig. 1: Wind and solar PV power capacity 2010-2021. (a) Wind; (b) Solar PV. Source: [3,4].
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Even though the growth rate is already among the best that we have ever
made, to realize the net-zero carbon dioxide emission, annual capacity ad-
ditions of wind and solar PV are still expected to accelerate further to bring
the share of renewables in the total electricity generation to 88% by 2050 [5].
In this sense, a tremendous amount of inverter-based generators (IBGs) are
going to be integrated in the next few decades, taking the form of centralized
or distributed renewable energy systems.

1.2 Integration of Renewables in AC Microgrids

As depicted in Fig. 2, today’s electric system is still dominated by the conven-
tional power plants, where synchronous machines are dispatched to maintain
the system nominal operation, and a certain proportion of IBGs are then in-
tegrated following the grid. In the future power systems, IBGs are going to
take the role of today’s synchronous machines [6]. They can be arranged
as utility-scale power plants when there are abandon renewable resources
within a remote area. For instance, the Gansu wind farm in desert areas of
Gansu province, China is a power plant with a planned power capacity of 20
GW. The Hornsea 1 wind farm, which covers an area of 407 km? in the North
Sea, is an offshore power plant with the total capacity of 1.2 GW [7]. In gen-
eral, these utility-scale renewable energy systems are installed far away from
the main consumption, and long-distance transmission are then mandatory
to make the energy accessible.

g&(\) dent‘ o . f‘&. Future A a
Wl 1 - PR PR g&::f .
S0 WUTEAR o Hile Aaalas
¥ nap 2 ?ﬁ S L
s 3 - B e
g pas T ;zr L By
_Egcnerator e | ®' = generator =

L
. =inverter ‘ =inverter

Fig. 2: The present and the future power systems. Source: [6].

In the case that the generation is available at the point of the consumption,
the IBGs are normally integrated in the form of microgrids which is intercon-
nected with the utility or run in the islanded mode [8,9]. For instance, in a
project executed by SIEMENS, a campus microgrid with rooftop PV panels,
electric vehicle charging stations, and batteries was constructed to meet the
local electricity demand [10]. According to the particularity, microgrids are
often classified into AC microgrids and DC microgrids, and the former has
gained a lot of popularity in practice due to its flexibility in the grid inte-
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gration [11]. Fig. 3 shows a typical scheme of the AC microgrids, where the
generations are composed of conventional generators (e.g., diesel generators)
along with the solar PV and wind turbine. Energy storage systems such as
battery banks are installed for handling the fluctuating nature of renewables.
As the system is AC, the synchronization of different sources is mandatory
for the nominal operation. When AC microgrids are integrated into the util-
ity network, voltage and frequency references can be taken from the utility;
however, in the islanded operation mode, these references are generated in-
side AC microgrids using conventional generators or IBGs.

- T Commercial
Solar PV —_ Loads
£ T -
& el
Storage ‘J Residential
T w3 Loads
: s 2 o | derm
% L g " ACBus
) Industrial
Wind Turbine AC Generator Loads

Fig. 3: A typical scheme of AC microgrids.

With respect to the AC microgrids control, the hierarchical architecture
has been recognized as a feasible solution to realize intelligent microgrids [8,
12,13]. It has been developed based on the difference in time scales of various
microgrid operation set points. In general, the hierarchical architecture can
be divided into four levels as following [8,12,13]:

1) Level 0: In this level, basic control loops are often applied to guarantee
a stable and fast regulation of the current and voltage.

2) Level 1: This level is normally referred to as the primary control, which
takes the responsibility of mimicking the physical behaviors like syn-
chronous machines’ droop and inertial characteristics as well as the
implementation of output impedance reshaping.

3) Level 2: The correction of microgrid voltage and frequency is integrated
in this level to restore the voltage and frequency to the nominal values.
Additionally, this level also involves the operation mode switching.

4) Level 3: This is the highest level which is mainly applied for controlling
the flow of power among different interconnection points.

It is noteworthy that, considering the microgrid stability, a higher level
is normally implemented with a lower control bandwidth. Benefiting from
the bandwidth differences, independent modeling and analysis are enabled,
where each level can be analyzed assuming others are irrelevant.

5
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1.3 Arising Issues of Integrating Renewables into the Utility

Renewables are mostly connected with utility networks through power elec-
tronics that are fundamentally distinct from the traditional synchronous ma-
chines. From the perspective of physical characteristics, power electronics
exhibit limited inertia and over loading capabilities. From the perspective of
control, the renewable energy systems are mostly implemented to follow the
grid voltage to extract the maximum power. As a result, side effects like the
acceleration of system dynamics, the poor fault ride-through capability, and
the frequency and voltage support degradation become critical [14]. Accord-
ing to the stability classification shown in Fig. 4, the arising issues are divided
into five groups that correspond to the rotor angle stability, the voltage sta-
bility, the frequency stability, the inverter driven stability, and the resonance
stability [15,16].

IPower system stabilityl

Rotor angle Voltage Frequency Inverter driven Resonance
stability stability stability stability stability

| . || Small || Large | mall | Fast
Miusitant disturbance | | disturbance | | disturbance |interaction

Short Long | | Short || Long
term term term term

Fig. 4: Power system stability. Source: [15,16].

I

wn

Slow
interaction

| Electrica.ll | Torsionall

1) Rotor angle stability: Under severe disturbances, e.g., short-circuit faults
on transmission lines, renewable energy systems may degrade the tran-
sient stability margins because of the loss of synchronization and the
inverter protection [17-19]. Additionally, insufficient damping effects
inevitably lead to less stability margins and severe power oscillations
under small disturbances [20,21].

2) Voltage stability: Because of the replacement of synchronous machines
which take the major responsibility of regulating the grid voltage, the
amount of reactive power sources may decrease if renewable energy
systems do not provide a reactive power support [22,23]. Consequently,
the voltage control capability can be weaken.

3) Frequency stability: One major disadvantage of using inverters as the
grid interface is the lack of inertial response. When there is not sup-
plementary control, renewables will not contribute to the system iner-
tia [24,25]. Then, the resulting high rate of change of frequency (RoCoF)
may trigger protection and cause cascading disconnections [26].

6
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4) Inverter driven stability: Brought by the interactions among IBGs and
the interactions between IBGs and passive components, poorly damped
oscillations in a wide frequency range can be driven [27,28].

5) Resonance stability: Caused by series and parallel resonances inside the
system, poorly damped oscillations in the purely electrical sense can be
introduced [29,30]. When the mechanical system of rotating shafts are
involved, torsional vibrations may happen as well [31].

1.4 Grid-Following and Grid-Forming Control

Today, renewable energies are mostly integrated with the grid-following (GFL)
control. A typical GFL scheme is depicted in Fig. 5(a), where a phase locked
loop (PLL) is adopted for detecting the voltage phase angle at the point of
common coupling (PCC) [13]. Then, based on the detected phase angle infor-
mation, via a fast current regulation, the inverter is directly regulated to inject
the required power. Observing from the PCC, as the grid-side current is the
physical quantity that is regulated, such a system can be approximately taken
as a controlled current source in parallel with a large impedance [13,32], as
illustrated in Fig. 5(b). When the inverter run in the islanded mode, since the
GFL control needs voltage and frequency references, it cannot work indepen-
dently. Then, it must shut down.

s .5 Grid
M e s T
4 = P,Q

. 0,
PwM] b —Z{PLL Jevpe
r
v ~L y

. %
Current |2 | Power € P*

Control Control Je— Q*
N
P Q
(a)
v;cci; g v;

P*—| Power
Q*—| Control

~ 1
QP - =

Fig. 5: GFL inverter. (a) Typical control scheme (b) Simplified representation.
As depicted in Fig. 6(a), the grid-forming (GFM) inverter is mostly imple-
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mented without using any dedicated synchronization unit. Instead, through
the power control law, the PCC voltage reference is generated, including both
phased angle and amplitude information. Using the inner voltage regulation
as the basic, the PCC voltage is then regulated to deliver the required power.
In this manner, the system can be roughly considered as a voltage source with
a small output impedance [13,32], as depicted in Fig. 6(b). Different from the
GFL inverter, the GFM inverter can create its own voltage and frequency.
Then, even when the system is islanded, it can still work.

s s 5z s Grid

Yo - vpcc 1’g g g
Filter — e

=> PQ

9*

Vpce

l 3

Voltage
Control

Power
Control

— Q-

N
P Q

(@)

Power
Control

~ A
Q P

Fig. 6: GFM inverter. (a) Typical control scheme (b) Simplified representation.

A technical feature summary of GFL and GFM controls is presented in Ta-
ble 1. It is clear that the GFM inverter shares strong similarities with the tra-
ditional synchronous machine due to it capability of independently forming
the grid. In this sense, it theoretically enables a 100% IBG penetration [33].

Table 1: Technical features of GFL and GFM inverters

GFM inverter
PLL is supplementary

GFL Inverter
PLL is mandatory

Current regulation is the basis
Injecting power is primary
Need a grid that is already formed
Need synchronous machines

Voltage regulation is the basis
Maintaining grid is primary
Form and maintain the grid

Enable a 100% IBG penetration
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2 Motivation

In the future power systems, the renewable energy systems are expected to re-
place the traditional synchronous machines to dominate the electricity gener-
ation. In this sense, they are going to take the major responsibility of forming
and maintaining a healthy grid; however, facing the arising issues of integrat-
ing renewables into the utility network, the GFL control shows restrictions of
fulfilling this target due to their dependency on a strong grid. In this sense,
the GFM control becomes the key technology for this transformation. Among
the existing GFM control concepts for the IBGs, the virtual synchronous gen-
erator (VSG) has gained a large popularity in recent years [34].

As a control concept developed on the basis of the synchronous machine
emulation, the VSG provides a straight forward synthetic inertia realization
that helps slow down the system dynamics. At the same time, because of the
inertia emulation, the VSG may exhibit insufficient damping effects, which
often results in poorly damped low-frequency power oscillations [35,36]. This
may in turn degrade the power quality and increase the risk of interactions
with other passive components or voltage sources in the system. Thus, plenty
of active damping strategies have been developed to deal with this issue [37].
Nevertheless, these solutions did not consider the damping effect and the
inertial effect at the same time. Therefore, the VSG inertial response can be
significantly degraded without being noticed.

Apart from this, the analyses of VSGs are often conducted using the pha-
sor representation, where the impacts of inner control loops are disregarded
for the analysis simplicity. Such an approximation is accurate only when
the inner control loops have enough bandwidths [38]; however, in the case
of a limited bandwidth, an appropriate modeling considering current con-
trol and voltage control dynamics is essential. Moreover, in practice, the
grid impedance may change remarkably, which could significantly affect the
control stability and the damping effect; however, the existing VSG tuning
algorithms mostly disregard this and only involve one fixed system setting
for the offline stability analysis and parameter tuning.

Moreover, in the research works on the active damping of VSGs, inves-
tigations are often conducted considering a single unit, whereas the parallel
operation of multiple units are not included, especially when they are con-
nected to the external grid. Therefore, under the parallel operation of VSGs,
the self-induced oscillations and the interactions among different units can-
not be comprehensively considered in the developed active damping strate-
gies. Another issue is that the tuning of these active damping strategies are
mostly carried out offline, which means that the same tuning procedure need
to be repeated once there are systems setting changes. In practive, such tun-
ing algorithms inevitably increase computational burden.
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3 Project Objectives

Considering the aforementioned challenges, this Ph.D. project has been con-
ducted focusing on the development of active damping strategies for VSG-
based AC microgrids. The research questions considered in the Ph.D. project
are listed as follows:

* How to guarantee the VSG control stability considering that the grid
impedance may change remarkably in practice?

* How to alleviate the inertial-effect-induced low-frequency power oscil-
lations in the VSG-based AC microgrid without any degradation of the
inertial response?

* How to simultaneously achieve independent and qualitative designs of
both VSG power tracking and inertial response?

* How to realize sufficient damping effects for eliminating low-frequency
power oscillations that origin from the parallel operation of VSGs in an
AC microgrid?

Corresponding to the above questions, the objective of this Ph.D. project is
to develop active-damping strategies to eliminate VSG low-frequency power
oscillations and to extend the stability boundary of VSG-based AC micro-
grids. Subobjectives are defined as follows:

* To develop new control schemes to eliminate low-frequency power os-
cillations while preserving the inertial response of VSG.

New VSG control schemes, which eliminate inertial-effect-induced low-
frequency power oscillations and preserve the inertial response simul-
taneously, need to be developed. Under the new control schemes, it is
expected to achieve independent and quantitative adjustments of both
power tracking dynamic and inertial response.

¢ To develop stability-oriented optimal VSG tuning for extending the sta-
bility boundary of VSG-based AC microgrids.

New VSG tuning algorithms, which consider the grid impedance varia-
tion, need to be developed. It is expected that the developed tuning al-
gorithms can be implemented online to optimize the control stability as
well as the control dynamics according to the detected grid impedance,
automatically.

¢ To develop new active-damping strategies to eliminate both self-induced
and mutually induced low-frequency power oscillations arising from
the parallel operation of VSGs.

10
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New active damping strategies, which consider inertial-effect-induced
low-frequency power oscillations and interactions among VSGs, need
to be developed. It is preferable to enable an automatic tuning of the
developed active-damping strategies adapting to the parameter changes
in practice, for example, the grid strength, VSG amount, as well as VSG
control parameter variations.

4 Thesis Outline

The progress made in the Ph.D. project has been presented in this Ph.D. thesis
as a collection of publications. Specifically, the entire thesis can be divided
into two parts: Extended Summary which includes six chapters and Selected
Publications which includes manuscripts that are published and still under
review processes. For clarity, a graphical outline is shown in Fig. 7

Report o
—{(Ch.1: Tntroduction ) Publications
—)(Ch.2: GFM Control for the Renewables Integration )(—)( C1 )(—

Ch.3: Feedforward and Fractional-Order VSG for
7 Power Oscillation Damping C2, J1, and J2
Ch.4: Stability-Oriented Optimal VSG Tuning for
the Sta%ility Boundary Extension
Ch.5: Active Damping for the Parallel Operation of _
—" Multiple Grid-Tied VSGs C3 and J4
—(Ch.6: Conclusions and Future Works )

Fig. 7: Graphical outline.

In the first chapter, the research background, the motivation, and the ob-
jectives of the Ph.D. project are introduced. Following this, Chapter 2 gives
a brief review on the GFM control methods in the existing publications for
the renewable energies integration. Corresponds to the first project objective,
in Chapter 3, two VSG control schemes which enable the inertia-preserving
low-frequency power oscillation attenuation have been introduced. The first
scheme adopts the set point feedforward, and the second scheme uses the
fractional order control. Afterwords, in Chapter 4, the optimal VSG tuning
which reflects the second project objective has been discussed for the exten-
sion of stability boundary under grid impedance variations. In chapter 5,
the parallel operation of VSG in AC microgrids has been investigated. New
active damping strategies for attenuating both self-induced oscillations and
the interactions among VSGs have been investigated for the fulfillment of the
third project objective. Finally, conclusions derived from this Ph.D. project
have been summarized, which leads to a discussion on the project limitations
and the future perspectives.
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Chapter 2. Grid-Forming
Control for the Renewables
Integration

1 Introduction

Under a high penetration level of renewables, the conventional GFL integra-
tion strategies face obstacles in guaranteeing the safe power system operation.
Consequently, a transformation towards the GFM control is undergoing [33].
For this, various GFM control methods have been developed. Based on dif-
ferent concepts, these GFM control methods exhibit distinct properties in the
IBGs’s synchronization, load sharing, and inertial response, etc. In this chap-
ter, the existing GFM control methods are introduced.

2 An overview of Existing GFM control methods

2.1 Droop Control

Emulating the synchronous machine behavior via droop characteristics, volt-
age and frequency droop control methods have gained a great popularity for
the parallel operation of IBGs in AC and DC microgrids [8]. The well-known
formulas that describe the droop principle in AC systems are

Gp()(P* —P) = —w", Gy(s)(Q" ~ Q) =V~ V" &

where Gy(s) and Gy(s) are filters for regulating frequency and voltage de-
viations, respectively. They are normally composed of proportional control
coefficients and low-pass filters (LPFs). In practice, DC gains of the filters are
essential to keep the IBGs synchronized within the allowed voltage ranges.
Regarding the inner controls, current-voltage control and virtual impedance
are applied to ensure a stable IBG. A typical control scheme is given in Fig. 8
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Fig. 8: Typical droop control scheme.

2.2 Virtual Synchronous Generator (VSG)

Being a concept that focuses on improving IBGs’ inertia, the VSG was ini-
tially developed to smooth the frequency dynamic of inverter-based electric
systems under load variations or generation outages [39,40]. Mimicking the
physical inertia of machine’s rotational shaft, the swing equation is normally
applied for the synchronization and the active power regulation of IBGs as

P*—P:M%—D(w*—wm) )
where wy,; is VSG’s angular frequency. M denotes the synthetic inertia, and
D denotes the damping constant. With (2) governing the frequency dynamic,
the VSG terminal voltage regulation is then designed to mimic the automatic
voltage regulator [41]. Following this way, a variety of VSG implementations
have been developed in the literature. For instance, the VSG with full-order
synchronous machine models [42,43], the VSG with cascaded current-voltage
controllers [44], the VSG with additional damping effects from the PLL [35,
45], the VSG with a direct output voltage calculation [46,47], etc. Despite the
differences in the implementation, the core of this concept is still the swing
equation (2). Its control scheme is illustrated in Fig. 9

S

PG My M AN,
T

PWM v pce

*
v, |
Current & Voltage| UV *
Control +4. Gq(s) _+ Q

Fig. 9: Typical VSG control scheme.
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2.3 Power Synchronization Control (PSC)

This concept was initially developed for attaining a reliable interconnection
between the inverter and the ultra-weak grid [48,49], where the stability of
traditional GFL inverters is difficult to be guaranteed because of the negative
impacts of PLLs [50]. Its synchronization principle shares strong similarities
with the droop control, and it can be formulated as

do*

— =W K (PT—P) 3)

where K, represents the active power control gain. With regard to the voltage
amplitude reference, it is generated as

S

v =V*—R;——
S+ wy

i (4)
where Ra is the active resistance, and wj;, denotes the pass band of the high-
pass filter (HPF). Applying (3) and (4), the inverter output command is ob-
tained as v5 = v*e/’". A typical PSC scheme is shown in Fig. 10

v, V.. Z, v
T SRR

*
Output Voltage v 3 .
Calculation O = g

Fig. 10: Typical PSC scheme.

2.4 Virtual Oscillator Control (VOC)

In VOC, explicit regulations of the voltage amplitude and the phase angle
are not necessary since the inverter output voltage is directly governed by the
digitally-implemented nonlinear oscillators. Then, coupling through the elec-
trical networks, the VOC-based IBGs inherently provide a communication-
less synchronization as well as the automatic load sharing [51,52]. On the
other hand, the VOC methods that were initially developed using the Liénard-
type oscillators for the islanded systems may not fulfill the set-point tracking
requirement in grid-tied applications [53-55]. To tackle the lack of dispatch-
ing capabilities, the classical VOC with additional power injection control
functions [56] and the hierarchical control frame [57] have been developed.
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Moreover, the dispatchable VOC (dVOC) based on the Hopf-type oscillators
have been extensively investigated [58,59] as well. In Fig. 11, a typical dVOC
scheme is presented.

py
T

Fig. 11: Typical dVOC scheme.

The resonant LC tank determines the natural resonant frequency 1/+/LC
of the oscillator, and k, and k; denote proportional gains for interfacing the
oscillator and the inverter. The rotation matrix R(¢) is

Rig) = [Snf o0 ©)

sing cos¢@
where ¢ denotes the angle for adjusting the relationship between frequency
and voltage amplitude versus active and reactive power. Using x; and x; (i.e.,

vc and €ir) as two state variables, the controllable voltage v, and current iy,
are formulated as

om = EVIC (2X20y — |31 +ja|”) x2 ©)

:@(
£

2X o — 31 + 22 *) 31 )

Im

where Xj,o is the RMS value of the oscillation amplitude and ¢ denotes the
coefficient which controls the convergence rate of the oscillator.

2.5 Matching Control

Different from the numerical synchronous machine emulation, the matching
control aims to explore physical links between the synchronous machine and
the IBG [60,61]. In matching control, the synchronization is applied using an
integral of the DC-link voltage as

de*
T Ve (8)

where 7 is a scaling gain. In this manner, the inertia and the damping that
correspond to the machine rotor dynamics are linked to the inverter physical
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quantities. Afterwards, both GFL and GFM control can be implemented by
designing different energy functions [61].

3 Summary

In this chapter, the GFM control concepts have been reviewed. It is clear that
only the VOC method was proposed by implementing the nonlinear oscilla-
tors, and the synchronization of IBGs comes from the inherent properties of
the coupled oscillators. Since the VOC algorithm itself is highly nonlinear,
the analysis and design inevitably become complex. In addition, its equiv-
alent inertial and droop characteristics are not explicit as the synchronous
machines. With respect to the other control methods, namely the droop con-
trol, the VSG, the PSC, and the matching control, they were all developed
using the synchronous machine emulation. Therefore, they are able to show
explicit inertia and droop characteristics. Specifically, the droop control and
the PSC mainly provide the droop emulation, and the VSG and the matching
control enable both inertia and droop emulations.
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Chapter 3. Feedforward and

Fractional-Order VSG for the
Power Oscillation Damping

1 Introduction

With a straightforward synchronous machine emulation, the VSG has been
extensively adopted for different energy conversion applications [41,62,63];
however, the favorable synthetic inertia embedded in the VSG may also make
the damping effect insufficient, which in turn introduces low-frequency oscil-
lations in the VSG output power [64,65]. To enable a sufficient damping effect
on the low-frequency power oscillations, active damping strategies based on
different concepts have been continuously investigated [35,36,45, 66-68].

In the literature, additional damping effects for attenuating the VSG out-
put power oscillation were realized by using the frequency slip that is de-
tected from the PLL [35,45]. Although the damping effect can be enhanced
by these strategies will PLLs, the PLL-related stability issues are the obstacles
in practice [69]. Without using PLLs, Dong et al. proposed the damping cor-
rection control method in [66], where the modification of the damping effect
was achieved by filtering the power feedback. Similarly, in [67], angular fre-
quency feedback filters were adopted by Shuai et al. for the active damping.
Although the damping effect can be improved to some extent by these strate-
gies, the degrees of freedom is limited to adjust the power control dynamic as
desired. To achieve more flexibility, an active damping strategy adopting the
full state feedback was developed by Liu et al. in [36]. In addition, enabling a
fully adjustable power control dynamic, an active damping strategy using the
angular acceleration was proposed by Chen et al. in [68]. One common issue
of these active damping strategies is that the investigations were conducted
mainly on the set-point tracking dynamic, whereas the VSG inertial response
was disregarded, as it was pointed out in [70].
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2 Modeling of the VSG Based on the Phasor Rep-
resentation

Fig. 12 depicts the schematic of the VSG that is connected to the grid, where
v;. denotes the DC-link voltage. Without loss of generality, the DC-link is
taken as ideal source that is well regulated by other components. Thus, its
dynamic is not considered in the modeling and the analysis. Moreover, R
and Ly represent converter-side resistance and inductance, and Cy denotes
the capacitance of the LC filter. The grid-side impedance is denoted by Z,.
In this chapter, the boldface letters are adopted for the complex vectors, and
the superscript s denotes the complex vectors in the af frame, for example,
U3, i;, v;, ig,, and vz. The vectors in the VSG’s dg frame are formulated

without the superscript s, for example, v}, iji, i £ 0%, ig.

Cnrrent if Voltage /" +j0 R
control control vy
Fig. 12: Schematic of the grid-tied VSG.

Firstly, it is to be expected that the inner current-voltage control is much
faster than the VSG’s power control, which is a normal case for the applica-
tions at a low voltage. Subsequently, the capacitor voltage can be approxi-
mately taken as a voltage phasor V*/6,, whose amplitude and phase angle
correspond to the VSG’s power control [71]. Adopting the same expression,
the grid voltage is written as V,Z6,. Then, the angel difference § between 6,
and 0, can be formulated as follows:

5:9m—9gé/(wm—wg)dt )

where wy, and wq denote the VSG’s and grid angular frequency, respectively.
The grid impedance Z, is considered as mainly inductive, which leads to
Zy~ Xg. In the case that the grid resistance is not small enough that its effect
can be disregarded, the virtual impedance is then applied for reshaping the
equivalent impedance [72]. In this manner, we have [73]
3V*V, siné 3V* [V* — Vg cos(6)]

P=——,0= : (10)
2X, 2X,
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Under normal operation conditions, the grid voltage amplitude V; almost
remains the same. In this manner, it can be considered as a physical quantity
without any perturbation. The amplitude of the VSG’s voltage and that of the
external grid, i.e., V* and Vg, can be roughly set to the nominal voltage am-
plitude Vy, i.e., V* = Ve~ V. The angle difference ¢ in (9) is often within the
range that the approximations sind ~ ¢ and cosd ~ 1 can be applied. Then,
applying these approximations, from (10), the the VSG’s power perturbations
are formulated as follows:

oP oP 3V? 3V,.0

AP = —AS+ —A A A 11
a0 T gy AVt = 2Xg ot 2X, Vi an
aQ 0Q 3Vy 3V25,

AQ = M + a—VtAVt 2XgAVt + 2, A6 (12)

where 6, is the angle difference that corresponds to the equilibrium point.
Taking Gp(s) and G,(s) as the VSG’s power controllers, the power control
laws are formulated in the s-domain as follows:

Gpls)
S

O = (P*—P), V* = Gy(s) (Q* — Q). (13)

From (9), (11), (12), and (13), the close-loop systems in the sense of small
signal, namely AP/AP* and AQ/AQ?*, are formulated as

3V2G,(s) 3VuGy(s) 2
AP 2Xs [ T 2Xg+3VuGyls) n} (14)
AP* L ViEG() [ _ _3VuGy(s) 5]’

+ 3x%,s { T 2Xg+3VuGy () ﬂ}

3VaGy(s) |1 _ 3ViGy(s) 52
AQ 2Xg 2X+3VZGy(s) (15)
AQ* 14 3vncq(s) 3ViGp(s) 5

 2Xg+3VIGy(s)

3 Development of the Feedforward VSG Control
Scheme

As shown in Fig. 12, the conventional VSG’s angular frequency is generated
by the active power control as
dwy,

P*—P =M= —D(wo — wn) (16)

where w;, and wy denote VSG and nominal grid frequency. M and D denote
the synthetic inertia and the damping constant. M is equal to 2HSy,s./ wy,
where H denotes the inertia constant, and Sj,s, denotes the VSG rated power.
From (16), the active power controller G, (s) can be derived as (Ms + D)~
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Substituting Gp(s)into (14), and setting 4, = 0 to disregard the coupling
effect, the close-loop system AP/AP* is written as

AP 3v2
AP*  2MXgs? +2DXgs + 3V

From (17), it can be seen that AP/AP* becomes a second-order plant. In
practice, V; and X, are not adjustable, and D is often fixed for a predefined
static droop emulation. Then, once the synthetic inertia M is not set appropri-
ately, complex eigenvalues with insufficient damping effects are introduced,
and the power control dynamic will get oscillatory. To handle the result-
ing power oscillations, the reference-feedforward (RFF) controller Ggr(s) is
proposed, and the VSG control scheme is modified as Fig. 13.

(17)

Cuuenr Zf Voltage V" +JO
control control

Fig. 13: Schematic of the grid-tied VSG applying the RFF controller.

From Fig. 13, it can be observed that, with the RFF controller Ggr(s), the
VSG active power control law becomes [74]

p* —P:Md;‘f + D (ws — wyp), (18)
wm = P*GRr(s) + ws (19)

where w; denotes the angular frequency without the feedforward compensa-
tion. From (19), it is clear that the VSG angular frequency w,, is a combination
of the ws and the RFF term P*Ggp(s). To avoid affecting the static droop em-
ulation, the RFF controller Grr(s) should be able to filter out the DC contents
in the power set point. For this, the Ggrp(s) can be selected as
s
Grri(s) = —_—
RF1(s) hplyg + K
where k1 and ky,» are two coefficients used to adjust the frequency response
of Ggrr1(s). Combining (14), (18), (19), and (20), setting 6, = 0 to disregard
the coupling effect, the close-loop system AP/AP* is then reconstructed as

ap 3V [Mkhp152 n (th,,l + 1) s+ kh,,z] o1
APT - (2MXgs? + 2D Xys +3V2) (s + k)

(20)
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Here, it is clear that an extra real eigenvalue is —kj,;», and there are two
additional zeros which are determined by ky,;,; and ky. For a smooth power
control dynamic with less oscillations, it is preferable to place these two ex-
tra zeros close to the original poorly damped complex eigenvalues. In this
manner, the power control dynamic can be roughly dominated by the newly
introduced real eigenvalue. Considering this, a sweep of the coefficients ky;;
and ky,» is applied, as shown in Fig. 14.
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Fig. 14: Pole-zero map of AP/AP*, where ky;; changes from 0.006 to 0.03, kj;» = 1000, H =55,
D =50 pu, V;, =380v2/3V, Sppse = 2.2 kVA, w = 1007t rad/s, and X, = 1.35 Q. [74]

From (21), it is clear that the RFF controller Ggri (s) can only alleviate the
power oscillations, whereas a complete mitigation cannot be attained. The
root reason is that the degrees of freedom is not enough. Considering this,
another way of deriving the RFF controller is presented. Assuming that the
close-loop system AP/AP* becomes a typical second-order system as [74]

AP w?

n

AP* ~ 2+ 2[wns + w2

(22)

where w), represents the natural frequency, and  is the damping ratio. They
correspond to the desired power control dynamic. Subsequently, combining
(14), (18), and (19), setting 6, = 0 to disregard the coupling effect, the RFF
controller Grpa(s) can be derived as

2
mps= + mqs
G = 23
Rr2(S) 3V2Z (Ms3 + nps% + n1s + Dw?) @3
where the coefficients mq, my, n1, and n; are
my = 2MwiXe — 3V, my = 2Dw;Xe — 6Vilwy,
ny = D+ 2Mw,, n; = Mw?+2Dw,. (24)

Here, it can be seen that the coefficients of the RFF controller Grp;(s) are
written using the VSG settings M and D, the natural frequency wjy, and the
damping ratio {. Therefore, in practice, Grpz(s) is able to be automatically

23



ACTIVE DAMPING OF VSG-BASED AC MICROGRIDS FOR RENEWABLE
ENERGY SYSTEMS INTEGRATION

tuned online for the desired power control dynamic, provided that the grid
side inductance X is known. In terms of the selection of wy and ¢, following
the classical control theory, the damping ratio  is firstly selected around 0.9.
Then, the natural frequency w;, is directly calculated as w;,, = 0.250 Ts.; [74].
Tser corresponds to the desired settling time of the VSG’s power control.

In the above analyses, the RFF controllers Grpi(s) and Grpa(s) are tuned
without considering the coupling effect as J, = 0 is applied to remove the
coupling terms in (14). To assess the influence of the coupling effects, com-
bining (14), (18), and (19), assuming that J, is not zero, the close-loop system
AP /AP* with the RFF controller and the coupling effects is derived as

3V2 3V2 3V,D >
AP [ZXXS(MHD) + 2%;s GRF(S)} {1 - 2Xg+3VZD;5H} .
AP* 4w D, 5 (25)
3Xgs(Ms+D) IR, F3V, D, O

Substituting (20) and (23) into (25), setting J,, to 1 for the excessive cou-
pling effects, varying the reactive power control coefficient D, from 0 pu to
10 pu, the eigenvalue placement is shown in Fig. 15. it is clear that, the cou-
pling effects have no obvious impact on the desired eigenvalue placement.
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Fig. 15: Pole-zero map of AP/AP*, where D, is within [0 10] pu, H = 55, D = 50 pu, V, =
380v/2/3 V, Spsse = 2.2 kVA, w = 1007 rad/s, and Xg = 1.35 Q. (a) Grr1(s) is adopted (ky is
0.008 and ky,; is 1000); (b) Grr2(s) is adopted (g is 0.9 and wy, is 10 rad/s). [74]

4 Development of the Fractional-Order VSG Con-
trol Scheme

As it was discussed in the previous section, causing by the lack of degrees
of freedom, the conventional VSG often exhibits an oscillatory power control.
Then, to alleviate the power oscillations, the synthetic inertia is tuned for less
inertial effects. Although the inertial-effect-induced power oscillations will be
eased to some extent, the preferable inertial response will be inevitably de-
graded as well. A compromise between the power set point tracking and the
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inertial response becomes a necessity. Considering this issue, the fractional-
order control (FOC) is applied to introduce more degrees of freedom.

In FOC, the operator order can be non-integer, whereas the basic proper-
ties of the integration and the differentiation can be preserved [75]. Applying
the FOC, the VSG active power control law is modified as

pr—p= M‘ﬁ“wf 0, L p 26
g T D1~ + Dawy, (26)

The corresponding control scheme is depicted in Fig. 16.

oy & 2,
LA — ] K (’\/)
Ry Ly Q Y

f
c,% =P,

Currcnt lf Voltage /" + /0
‘é’

control control

Fig. 16: Schematic of the grid-tied fractional-order VSG.

Combining (26), (27), and (14), disregarding the coupling effect, the loop
gain G(s) of the close-loop system AP/AP* is formulated as
1 3V2
MsTHA + Dys7 + Dy 2Xgs'
Following the derivation in [64] and [76], the VSG inertial effect is evalu-
ated by Awy, /AP as

Gi(s) = (28)

1
F(s) = .
() = M7+ £ Dys7 1 Dy
To implement and tune the proposed fractional-order VSG for the desired
power control dynamic and the enhanced inertial response, the oustaloup
recursive approximation is applied as [77]

N /

S+ w

0 Kl—l k
k=15 T Wk

(29)

(30)

where o denotes the operator order which is a fractional number. N is the
oustaloup filter order. K, w,’f, and wy are filter coefficients that are written as

2k—1—o0 2k—140

!/
K=wp, wy=ww, ¥ , wg=wwy, ¥ , w,=wy/w (31)

where w; and wy, are the minimum and the maximum frequencies that of
interest. In general, N is 5, and w; and wy, are set to 0.1 and 1000 rad/s [75].
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Here, for the fractional-order VSG tuning, preconditions are defined as

i) The sum of the order of two fractional operatorsis equalto 1: Y +A =1
where v € (0,1) and A € (0,1).

ii) The original static droop emulation is not affected: lim;_,o F(x) = —D 1.

It is clear that, following these preconditions, the original four coefficients,
ie., v, A, Dy, and D; can be reduced by half, which significantly simplifies
the tuning process. Then, considering the control stability and the control
dynamic, three criteria have been defined as follows:

a) To make the fractional-order VSG truly stable, it is mandatory to make
both D; and D, always positive: D; > 0 and D, > 0.

b) The phase margin ¢, and the crossover frequency wc, that are derived
from the loop gain (28) are used as the main measures of the close-loop
system AP/AP*. Their thresholds are set to 30° and 18 rad/s for both
acceptable stability margins and control dynamics [78].

c) The cutoff frequency w, that is derived from (29) serves as the index of
the inertial response. The inertial effect tends to be stronger when the
value of w, is smaller.

Then, the phase margin ¢y, the crossover frequency w.g, as well as the
cutoff frequency w, are plotted on the y-D; plane as Fig. 17.

2[
)

) 0.75"
" (py) 8010071 2 A

()

Fig. 17: Main measures for the fractional-order VSG tuning, where ¢ € (0,1), D; € (0,100) pu,
H=25s,D =20pu,V, =220v2/3V, Spzee = 2.2 kVA, w = 1007t rad/s, and Xy = 1.8 Q (a)
The phase margin ¢us; (b) The crossover frequency weg; (c) The cutoff frequency we.

As shown in Fig. 17(c), applying the fractional-order VSG control scheme,
the cutoff frequency w, reduces remarkably on the entire y-D; plane. Thus,
the inertial response is always better than that of the conventional VSG.
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As the inertial response enhancement is fulfilled, the predefined criteria
a) and b) are used to generate the feasible parameter range. As depicted in
Fig. 18, the gray region corresponds to the feasible parameter range for v and
D1. Once ¢ and D; are selected within the feasible range, A and D; can be
directly calculated according to the preconditions i) and ii).

100
80
2, 60 }
QH 40 -,({(ﬁ weg > 18 rad/s
20
0 Stable
0 0.25 0.5 0.75 1

Fig. 18: The feasible parameter range for y and D;, where H = 2.5s, D = 20 pu, V,, = 220v/2/3
V, Spase = 2.2 kVA, w = 1007 rad/s, and X, = 1.8 Q.

5 Simulation and Experimental Validations

For validating the feasibility of the proposed VSG control schemes, EMT sim-
ulations in Digsilent and analyses in Matlab are applied. The experimental
implementation shown in Fig. 19 is adopted for the validation as well. Two
kinds of scenario are considered in the validations: i) a grid-tied VSG with
power set point change is applied to check the power control ii) an islanded
VSG with load change is used for validating the inertial response.

Danfoss Inverter s Chroma 61845
[ v Grid Simulator
E f R

- i ¢ =E |
= [

===ss358

Ripad1  Soemmmem

b’ EESSEEEE
> e

: ]

« Ripqqo | Eommmmmm

Computer  DS1006 DSPACE . >

- % ¥

Fig. 19: The experimental implementation.

5.1 Validations of the Feedforward VSG Control Scheme

Settings used for the validations are presented in Table 2. The corresponding
simulation validations in Digsilent are presented in Fig. 20. It can be observed
that, under a set point step change, the VSG without the RFF controller shows
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Table 2: Settings for the feedforward VSG control scheme validation

Variable Values Variable Values

Sbase 22 kVA wo 1007 rad/s
V., 380v2/3V Vg 650 V

Ly 3.6 mH Ry 010
Cr 9 uF Lg 43 mH
Re 050 fsw 10 kHz
H 5s D 50 pu
D, 0.1 pu
kpp1 0.03 kppa 1000
I 0.9 wy 10 rad/s

an oscillatory output, and the oscillation frequency is around 6 Hz. When the
proposed RFF controller Grpi(s) is applied, the low-frequency power oscil-
lations are alleviated remarkably. The power control dynamic is dominated
by the real eigenvalue as it was analyzed before. When the proposed RFF
controller Grpa(s) is applied, the power control is well damped. No low-
frequency power oscillations can be found, and the settling time is as ex-
pected. With regard to the inertial response, as shown in Fig. 20 (b), not only
the frequency profile is similar, but the RoCoF values are also the same. It
indicates that the VSG’s inertia is preserved without any degradation.

'2 T T T T [——Power reference === VSG with RFF G gy (s)
2 1F 1\ —— VSG without RFF VSG with RFF Gpps(s)
2 08f I\ E
506 1\1\1\_1\_1\_4\

: ’v A AA
£ 04 v
L 0.2 v/
Fop——¥ | i i

0 02505 075 1 12515 175 2 22525 275 3 3.25 35

(2) Time (s)

315

— 7T ——1—T—T1—
3145] ——VSG without RFF | |
: V4 N ——VSG with RFF Grpi(s)
314 F VSG with RFF G (s)|
313.5F RoCoF = —7.66 rad/s—*

313 L RoCoF = —7.68 rad/s—*

312.5F
312 s s " - NS s s s s s
0 02505 075 1 12515 1.75 2 22525 275 3 32535
(b) Time (s)

(rad/s)

Frequency wy,

Fig. 20: Simulation validation of the VSG with and without the RFF controllers. (a) Output active
power P of the grid-tied VSG; (b) Angular frequency wy, of the islanded VSG. [74]

The experiment validations are shown in Fig. 21 and 22. From the exper-
imental validations, the same conclusions can be derived that the proposed
feedforward control scheme can effectively alleviate the poorly-damped os-
cillations in the VSG’s output with the same inertial response.
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Fig. 21: Experimental validation in the grid-tied mode. (a) Without the proposed RFF controllers;
(b) With Grr1(s); (c) With Grra(s). [74]
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Fig. 22: Experimental validation in the islanded mode. (a) Without the proposed RFF controllers;
(b) With Grpp (S); (c) With Gsz(S). [74]

5.2 Validations of the Fractional-Order VSG Control Scheme

In this subsection, the validations of the proposed fractional-order VSG con-
trol scheme are presented, the used system settings are presented in Table 3.
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Table 3: Settings for the fractional-order VSG control scheme validation

Variable Values Variable Values

Spase 22 kVA wo 1007t rad/s
Vi 220v2/3V Vg 650 V

Ly 1.8 mH R 010
Cr 9 uF Lg 5.5 mH
Rg 0.50 fow 10 kHz
H 25s D 20 pu
0% 0.43 A 0.57
Dy 52 pu Dy 12.8 pu

Using the presented system settings, the analytical comparisons are firstly
applied. As depicted in Fig. 23, using the proposed fractional-order VSG, the
power oscillations under the set point step change are well attenuated, which
indicates that stronger damping effects are introduced. The inertial response
has been significantly improved at the same time as it can be seen in both the
RoCoF during the transient and the angular frequency settling time.

1.8 FOVSG
51.4-
A lr
oLty
NN N Q.% RS \fﬁ» \P* \9 \‘.b Vv

(a) Time (s)

20 RoCoF =—4.34 rad/s* RoCoF =—10.69 rad/s?
z ] /
E-1f :
‘: 2 o 619s

3 _ ("0.75 8

] S

RN RO RO S S

N
(b) Time (s)

Fig. 23: Analytical comparisons of the conventional VSG and the fractional-order VSG. (a) Out-
put active power perturbation AP of the grid-tied VSG; (b) Angular frequency perturbation Aw;,
of the islanded VSG.

Corresponding experimental validations are presented in Fig. 24 and 25.
Here, similar to the analytical results, under the set point step change, sus-
tained oscillations are in the conventional VSG’s output. On the other hand,
under the same operation condition, the fractional-order VSG shows a well-
damped power control dynamic. With respect to the inertial response, it is
clear that the angular frequency settling time is remarkably extended by the
fractional-order VSG (from 0.84 s to 58.7 s), as shown in Fig.25(a) and 25(b).
Moreover, the RoCoF reduces from -9.87 rad/s? to -4.03 rad/s?, as shown in
Fig. 25(c) and 25(d).
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Fig. 24: Experimental validation of the grid-tied VSG. (a) VSG; (b) Fractional-order VSG.
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Fig. 25: Experimental validation of the islanded VSG. (a) VSG; (b) Fractional-order VSG; (a)
Zoom of the VSG; (b) Zoom of the fractional-order VSG.

6 Summary

In this chapter, the VSG’s small-signal model is derived based on its phasor
representation. Following this, a novel feedforward VSG is developed to al-
leviate the inertial-effect-induced power oscillations and preserve the inertial
response, simultaneously. The proposed feedforward VSG control scheme
features in enabling an independent and quantitative design of the power
tracking dynamic and the VSG inertial response. Furthermore, to provide a
preferable power tracking without any low-frequency power oscillation and
an enhanced VSG inertial response simultaneously, the fractional-order VSG
control scheme is proposed. Then, through the analytical, simulation , and
experimental validations, the feasibility of these two novel control schemes
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has been validated.
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Chapter 4. Stability-Oriented
Optimal VSG Tuning for the
Stability Boundary Extension

1 Introduction

The VSG control stability is normally analyzed using the phasor representa-
tion, where the VSG-regulated IBG is approximately taken as a controllable
voltage source for simplicity. For instance, the VSG large-signal stability un-
der the grid voltage dips have been analyzed in [79] and [80] using the pha-
sor representation. Also, applying the same phasor representation, the VSG
small-signal stability analyses can be found in [64,65,76,81]. Although the
analysis accuracy based on the phasor representation can be ensured in the
most of the cases, the mismatches will inevitably get non-negligible when the
inner current-voltage control is restricted by the control latency.

For a better accuracy, the VSG stability analysis adopting high-order mod-
els has been extensively investigated. For example, a trial-and-error VSG
tuning approach based on a 8th-order model was developed in [82] for the
VSG control stability. Moreover, a further improvement with the quantitative
criteria was made in [83] to alleviate the VSG tuning effort. Additional in-
vestigations that use the detailed VSG model to identify the instability were
conducted in [38,84,85]. In these studies, the system settings are assumed to
be fixed, which is not practical in real applications since the analysis needs
to be repeated once there are system setting changes. Considering this, the
iteration tuning algorithm in [44] was developed to enable an automatic on-
line VSG tuning; however, it may exhibit a slow convergence speed. Another
issue of the VSG operation is the insufficient damping effect and its resulting
low-frequency power oscillations which are often disregarded in the these
studies; In this sense, to simultaneously realize the extended VSG stability
boundary and optimal power control dynamic is of practical significance.
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2 Modeling of the VSG Based on the State-Space
Representation

2.1 System Description

Fig. 26 shows a grid-tied VSG to be investigated in this chapter. It contains
the inner current-voltage regulation, virtual impedance, and two power con-
trol loops. Same as the denotation used in Chapter 3, here, the boldface letters
denote the complex vectors, and the superscript s is utilized to distinguish
vectors on the «f and dq frames.

F0E
T

vyr
ﬁbldq = aﬁl

-
Vo -

15 Current | %7 | Voltage
C()DTI‘OI COI]FI‘OI

1:!1
Fig. 26: Schematic of the grid-tied VSG with feedforward controllers.

Firstly, the VSG active power control is reconstructed as

dws
dt

where wy, and wy represents the VSG’s and the nominal grid frequency. ws
denotes the angular frequency generated from the power feedback. M and
D represent the synthetic inertia and the damping constant. M is equal to
2HSy 5./ wy, where H denotes the inertia constant, and Sy, is the inverter ca-
pacity. Grpp(s) denotes the feedforward controller for the VSG active power
control, and it is obtained following the same derivation used in Chapter 3.
Specifically, it is firstly assumed that the coupling effect in (14) is negligi-
ble, and it becomes a first-order plant as 1/(Tps + 1) when the feedforward
controller Grrp(s) is applied. Then, from (14) and (32), Grrp(s) is derived as

Wy = Ws + GRFP(S)P*, —-P=M

+ D (ws — wp) (32)

Ms? 4 Ds + ks
Grrp = 33
KB ks [MTps2 + (M + DTp) s + D] (33)
where k; = 1.5V?2/ Xg, and Tp is a time constant.
Subsequently, the VSG reactive power control is reconstructed as
Q*Grro(s) + (Q" = Q) (kgp +kqi/s) + Vu = V* (34)
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where Ggro(s) denotes a feedforward controller. kg, and kq; denote propor-
tional and integral control coefficients. V;, and V* denote the nominal voltage
and the VSG’s voltage set point, respectively.

Similarly, Grrg(s) is obtained by assuming that (15) becomes the system
as 1/(Tgs + 1) when the coupling effect is disregarded and the feedforward
controller Grrg(s) is applied. From (15) and (34), Grrg(s) is derived as

)
Grrg = ——— —k 35
RO (Tos+1) " %)
where I = 1/ky + ka - TQle and ky = 1.5V, /Xg
In addition, the current-voltage control is applied as
(ij;*if) (kip+kii/5>+jw0Lfif+vf:v;, (36)
(v}i — Uf) (kyp + km/s) —I—ijCfvf = ijc (37)

where k;;, and k;; denote the proportional and the integral controller gains for
the converter-side current control, and k;, and k,; denote the corresponding
control coefficients for the capacitor voltage control.
The virtual impedance is involved in the VSG as
U;ir = ig (Rvir +ijir) = ingir (38)

where v}, denotes the extra voltage which is introduced by the virtual imped-
ance. Ry, and X,;, denote virtual resistance and inductance, respectively.

2.2 Small-Signal Model Derivation

The interconnection circuit is firstly formulated as

Axsys = AsysAxsys + B Ay, + BY

G %ysAv, + BSsAvg (39)

where the state vector is Axsys = [Ai ¢ Aoy Aig]T, and the system matrices
Asys, B‘S‘;S, BY,. and nys are formulated as follows:

sys
R
f_ 1
— —jw - 0
L 1] m0 ‘Lf :
ASyS = Cf,f _]WmO _Cif 7
0 1 —&—]w 0
Lg Lg m

35~ s ] = [ 0] o= o0

where wp, ifg, v, and igp denote state variables on the equilibrium point.
In (39), the grid-voltage perturbation Av, can be formulated as

Avg = Vy; [cos Jg — cos (8 + Aby)] + jV;, [sindg — sin (dp + Ab)] . (40)
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To linearize the sinusoidal terms, cos Af,;, and sin Af,, are written as

Smax — COS N Gypay — Sin G
08 Ay = S250max T COS00 pg 11 sin AGy, = nomax TS0 Ag - (41)
5mux — 50 5max - 50
| — ~
Qcos Asin

Where 6,4y is the estimated maximum angel under the small perturbation.
Substituting (41) into (40), we have

Avg = =V A0y [(acos cOS b — Asiy SINJy) + (acos SINJg + agiy cOS &p)].  (42)

Agd gq

Additionally, the small-signal model of the power calculation is
. 3 = = =
AP+ jAQ = 5 (Avflgo + Aigvg + Avalg)

3 = )
~ 3 (Avftgo + Azgvfo) (43)

where iy and iy are conjugate values of i and iy, respectively.
Moreover, from (32) and (33), the VSG active power control is formulated
in the sense of small signal as

AXape = AqpeDxape + Bl AP + By AP* (44)

where the state vector is Ax;pc = [Aws Aby Axpy Axpz]T. In Axgpc, there are
two state variables Axp; and Axpy. They are introduced by the feedforward

controller Grrp(s). The system matrices Agpc, BZ‘;’Z and BZPC are

r D

-b o0 0 0

1 0o 1 o _, . T
A”PC: 0 0 =L _D 1 rBapc:_{MOOO} ’
M

00 -3 0

B _ _00 X, 32Tp-20X, |
ape — 3VAT3  3MVAT?

Similarly, from (34) and (35), the VSG reactive power control is formulated
in the sense of small signal as

Adrpe = ArpeBxrpe + BJieAQ" + BlpcAQ (45)

AV* = Crpelxrpe — kpAQ (46)

where the state vector is Axypc = [Axy- Axpo]T. In Axype, Axpp is the state

variable that comes from the feedforward controller Grrg(s). Here, the sys-
tem matrices A;p., B:;JZ, BZ,,C and Cypc are

0 0 ref 1 q 1 1 T
Arpc = - {0 1] /Brpc = |:10:| rBrpc = - [O:| fCYPC = [in Tf} '
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The virtual impedance’s effect can be formulated as

AV} = AV* = AigZy;, = AV* — AD} (47)

vir*
Furthermore, from (36) and (37), the model of the current-voltage regula-
tion is formulated as

Avy = kipAL + kiiAT + jwoLpAip + Avg (48)
Aiy = kop Ay + koiAy + jewoCrAvy (49)
where A{ and Ay are two state variables as follows:
Al = Aif — Aig, Ay = Avy — Aoy (50)
Finally, the effect of the control latency e~7#° is considered as
1
Av, % ——Av). 1
O s 10 o

For a comprehensive small-signal modeling, the shift of the equilibrium
point should be considered as well. Illustrating by Fig. 27, in the case that
the VSG output is fixed, the static state variables can be directly calculated
by using the real and virtual impedance.

elTawo yw /5. Viss 14205
v 26y (N~ =[Ny |- - = - - - - o V, 20
Zyir=Ruir+jXvir PQ=> Zy=R,+jX,

Fig. 27: The static phasor representation.

To calculate the steady-state variables, assuming the VSG output power is
the equal to the set point, i.e., P=P* and Q= Q*, which leads to

P4 iQf = SV, /51, — 8 Vi vy Veel(02) 52
R Mt i Z] 2

where 6., represents the angle shift that comes from the grid impedance Z,.
Approximately, el ~1+ jo, and Vg ~ V,,. Then, from (52), we have

2/1Z 1" = V2cos b, — ViV, 0., — dsin 6 53
——5 — = Vjcosty - fn(cos 2¢ — 6sinfzg) (53)
2||Z *
% = VJ‘Z‘ sinfzg — V¢Vy (6 cos bz + sin 02¢) (54)
From (53) and (54), Vf and 4 can be written as
V vz 2 .
Vi = 7" \/4” + §||Zg|| (P* cos 0z¢ + Q* smé)zg) (55)
5— cos ¢ . & N 2||Z,|| P (56)
sin 64 Vi 3Van sin 6
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Using (55) and(56), the grid current Igejefg is expressed as

Vgej(‘s’ezs) — Vye 0

Lel%is = (57)
¢ 1Zgl
Subsequently, V*e/% is derived as
V*eli = Viel® + Loel%s || Z,, ||/ (58)

where J; denotes the VSG output voltage angle, and 6., is the angle shift
that comes from the virtual impedance. Then, from (58), V* e/% is obtained as

V¥el% = y*elda=Tawn, (59)

Fig. 28: The relationship among the phasors.

The relationship among the phasors is presented in Fig. 28. From it, ig,
vy, and if are calculated as

igO = Igej(e"gi(so),vfo = erj(éféo),ifo = ing +j (iqu + Vna)()Cf) . (60)

Combining the small-signal models and the initial variable calculation,
the complete model is derived as

. [An An AP*
Ax = [ 0 Azj Ax+B {AQ* (61)
——— ——
A AU

where the sate vector is Ax = [Axsys Avy AT Ay Axy+ Aws A8y Axpo Axpy Axpz]T,
and the system matrices are

1 kvpki T
-7, 0 0 0 0 0 0 0 0 =£200010000

0 —-—H 1|/ |if0 ~ifao 0f0 —Va0 ifgo —ifa0 0 00000001] ,
0 —m O 0 0 0 0 0 0 0 00000000

A App
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3 Development of the Stability-Oriented Optimal
VSG Tuning

To develop the stability-oriented VSG tuning, the complete model obtained in
the previous section is firstly validated and analyzed in this section. For this,
the settings used in the validation are presented in Table 4. Then, the grid-
tied VSG depicted in Fig. 26 is implemented in Digsilent, and the small-signal
model as (61) is realized in Matlab. As depicted in Fig. 29, there is an accurate
correspondence between the power perturbations (AP and AQ under the set
point changes) generated from the developed small-signal model and that
obtained from the simulation.

Table 4: System settings for the stability-oriented optimal VSG tuning

Variable Values Variable Values Variable Values Variable Values

Stase 1MVA  V, 690v2/3V Ly 012pu Ry 0.006 pu
Ly 0l4pu Ry  00l4pu  C; 02pu T, 0.00075s

ki 027pu  k; 31.5 pu kop 007 pu  ky 12 pu
Xpir  12pu Ry 0.12 pu kop 024pu ko 6.5 pu
H 15s D 50 pu Tp 05s To 05s
Base values: V;, / Syase (kgp and ki), wo/ Spase (D), 1.5V / Spase (ki and kii) and Spase /1.5V? (ko and
ko).
= 02 Simulation === Model = 02 — Simulation === Model
& & AP
> 0.1 > 0.1 o ————
< 0 4 0
<2 23 | '
2 oul® S R
<Y <Y
0 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s)

Fig. 29: Small-signal model validation. (a) AP* = 0.1 pu; (b) AQ* = 0.1 pu.

Subsequently, using the same system settings, the eigenvalues of the de-
rived model presented in Table 5.

40



ACTIVE DAMPING OF VSG-BASED AC MICROGRIDS FOR RENEWABLE
ENERGY SYSTEMS INTEGRATION

Table 5: System eigenvalues

Ao | —392+3070j | Asy | —379+2419j | Ase | —308 +730;
Azg | =171 2471 | Ag1o | —128 £ 15.42]| Ay 12 | —0.85 + 16.23]
Ma1s| —035+£389| Ais —455 M —1.67

A7 —2 Mg -2

Here, the eigenvalues A4, A17, and Ajg are introduced by the feedforward
controllers Grrp(s) and Grpo(s). From (33) and (35), it is clear that they
correspond to —D/M, 1/Tp, and 1/ T, respectively.

Table 6: The eigenvalue sensitivities

Pz | 4£0j | P, 9 | Ws and Vs | 0 £0f

s | 4407 | P, 92 96 gnd 97 | 0+ 0j
flle

To assess the feedforward control coefficients” impact on the other system
eigenvalues, i.e., A to A5, the eigenvalue sensitivities are calculated and
presented in Table 6. It is clear that Tp and T only affect the eigenvalues A6
and Ajy7. In this manner, for the stability-oriented optimal VSG tuning, the
eigenvalues A; to Aj5 can be firstly tuned to extend the stability boundary,
and A4 and Aqy7 are used to modify the power control dynamic as they are
always stable when Tp and T are greater than zero.

3.1 First-Step Optimization

As discussed above, in the first-step optimization, the main objective is guar-
anteeing that the control stability is always fulfilled. In another word, all the
eigenvalues locate should have a negative real part, which can be written as

VA;i€{1,2,.., 1} Re(A;) <0 (63)

where A; is the system eigenvalue, and I is the the matrix Aj; dimension.

In (63), all the eigenvalues are considered without any ranking; however, it
is better to let the eigenvalues, which are sensitive to the parameter changes,
e.g., grid impedance change, stay away from the imaginary axis. For this, an
objective function is defined as follows:

Z (] Re (64)

where ky = [ki, kii kop koi Roir Loir kgp in] is a set of VSG control parame-
ters. w; is the weighting factor for ranking the eigenvalues, and it is
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1, Re (9A;/0Lg) <0,
w; =S wy, 0<Re(dA;j/dLg) <sy, (65)
wo, st < Re (9A;/0Ly) .
where wy, wy, and s; represent the weighting factors and the threshold.
From (64), the first-step optimization is formulated as
min J1(kyq)
s.t. Kipmin < K1 <Kimax, Cmin < G (66)

where ky,i, and ky,,, denote the parameter constraints. (; is the damping
ratio of each eigenvalue, and (,,;, denotes the damping ratio constraint.

3.2 Second-Step Optimization

After the first-step optimization, the control stability is ensured. Then, the
power control dynamic is considered in this stage of optimization. Using the
time-integral criteria, the objective function is defined as

T T
ha) =a [ HP —Pldt+e [ Q- Qldt (67)

where ky = [Tp Tp] is a set of feedforward control coefficients. T denotes the
time period for evaluating the objective function J>(k). €1 and €, represent
two weighting factors.

The second-step optimization is then formulated as

min J2(k2)
s.t. Komin <Ko < Kopmax (68)

where kj,,i, and kpy,,y are parameter constraints.

3.3 Implementation Using the Particle Swarm Optimization

As the particle swarm optimization (PSO) provides an easy implementation
to solve the objective functions with the stochastic nature, it is used here for
realizing the proposed tuning algorithm [86]. The corresponding flowchart is
shown in Fig. 30, and the implementation details are presented as follows:

1) The system settings, i.e., Spuse, Rf, Lf, Cf, Rq, Lg, Ts, M and D, are
firstly initialized. In practice, they can be detected and updated online.

2) The constraints and weighting factors, i.e., K1in, Kimax, Cmin, St, w1 and
wy, are initialized for the first-step optimization. ky.;, and ki, are
set according to the conventional bandwidth criteria [38,71,87]. s¢, wy
and wy are set to 1e3, 10 and 3e3 for the optimization.
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Initialize the VSG settings
Sbases Vas Ry, Ly, Cy, Ry, Ly, Ts, J and D

Initialize the constrains and weights
Kimins Kimaz, Gmin, St, w1 and ws

—»l Initialize the algorithm and the population of PSO |

Yes ‘@ No

Evaluate J(k;) for each
particle’s position ky

Evaluate J(ky) for each
particle’s position ko

Update the velocity and
position of particles

Update the velocity and
position of particles

|L'pdate Ax = AAx + BAUl |Oulput optimal k; and k2|

Stop

Initialize the constrains and weights
Komin, Komaa, €1, €2 and T'

Fig. 30: Flowchart of the proposed tuning algorithm.

3) Initialize the PSO. Specifically, the population size N, is 50, the inertia
coefficient wy is set to 0.73, the acceleration coefficients ¢, and ¢, are
set to 1.5, the velocity limitations v,; and v, are set to 0.5(kqax —Kimin)

and 0.5(Koyax —Komin ), and the iteration number Ny is 300.

4) Calculate J(kq) or J(kz) according to each particle’s position and up-

date the particles following the classical PSO rules [88].

5) If the iterations are not complete, go to 4). When the iterations and the
first-step optimization are completed, go to 6). Otherwise, two steps of

the tuning are completed, the optimal solutions k; and k; are solved.

6) Update (61) with the first-step optimization solution k;. Initialize the
constraints and weighting factors, i.e., Koyin, Komax, €1, €2 and T, for the
second-step optimization. Here, kyi;, and Ky, can be set according
to the first-order plant response [89]. € and ¢, are 0.5, and T is 5 s.

After the internalization for the second-step optimization, go to 3).

4 Simulation Validations

For the validation of the proposed method, a 10-bus test system as Fig. 31 is
implemented in Digsilent. This test system can be considered as a modifica-
tion based on the classical three-machine infinite-bus model in [90], where the
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Fig. 31: Diagram of the test system in Digsilent.

infinite bus is replaced with a equivalent grid model of a part of the Turkish
grid. To validate the proposed strategies under different short-circuit ratios
(SCRs), the grid impedance Z, is modified to let SCR vary from 3 to 11 [36].
Correspondingly, the optimal VSG control parameters are generated by the
optimal tuning algorithm in Matlab.

Firstly, the conventional VSG without the proposed control scheme and
VSG tuning algorithm is validated. Using the parameters given in Table 4, the
VSG responses under the active power and reactive power set point changes
(P* steps from 0.9 pu to 1 pu, and Q" steps from 0 pu to 0.1 pu) are shown
in Fig. 32. In the case that the SCR increases from 3 to 11, the VSG becomes
more oscillatory, which indicates that the overall damping level is decreasing
and the stability margin is restricted.
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Fig. 32: VSG without the optimization. SCR=11: (a) P* steps; (b) Q* power steps; SCR=7: (c)
P* steps; (d) Q* steps; SCR=23: (e) P* steps; (f) Q" steps.
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Subsequently, the first-step optimization is applied, and the simulation re-
sults under the same scenario are shown in Fig. 33. Compared with the VSG
without the optimal tuning, the VSG with the first-step optimal tuning tends
to be less oscillatory when the SCR increases from 3 to 11. From the dom-
inant eigenvalue comparison in Fig. 34, the first-step optimization removes
the eigenvalues that are sensitive to grid-impedance change. In this way, the
VSG control stability is enhanced.
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Fig. 33: VSG with the first-step optimization. SCR = 11: (a) P* steps; (b) Q* power steps;
SCR=7: (c) P* steps; (d) Q* steps; SCR=3: (e) P* steps; (f) Q" steps.
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Fig. 34: The dominant eigenvalue comparison.

However, the power oscillations cased by the synthetic inertia as well as
the coupling effect still exist. To alleviate these oscillations, the second-step
optimal tuning is applied to generate the optimal feedforward control pa-
rameters. As depicted in Fig. 35, with the help of the feedforward controllers
and the second-step optimal tuning, the original power oscillations are sig-
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nificantly attenuated.
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Fig. 35: VSG with the two-step optimization. SCR=11: (a) P* steps; (b) Q* power steps; SCR=7:
(c) P* steps; (d) Q* steps; SCR=3: (e) P* steps; (f) Q" steps.
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Fig. 36: VSG under the symmetrical voltage sags. (a) Without optimization; (b) With the pro-
posed feedforward filters and optimization algorithm

Moreover, the proposed method is validated under the symmetrical volt-
age sags as well. In the simulation, the symmetrical short-circuit fault is gen-
erated to let the PCC voltage decrease to 80% of the nominal voltage level.
The symmetrical fault is cleared after 1 s. As depicted in Fig. 36, using the
optimal VSG tuning, the transients are less intense when the fault happens.
Moreover, when the fault is removed, it takes less time to recover the original
operation status.
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5 Summary

In this chapter, a VSG control scheme, which contains two feedforward con-
trollers for the VSG power control, is firstly proposed. Subsequently; its full-
order model is derived on the basis of the state-space representation. Involv-
ing the impacts of the inner current-voltage regulation, virtual impedance, la-
tency, and shift of the equilibrium point, the derived small-signal model pro-
vides sufficient accuracy for the VSG parameter tuning algorithm develop-
ment. Afterwards, using the derived model, a two-step optimal VSG tuning
algorithm is developed. Specifically, the first-step optimization is designed
for improving the VSG control stability, and the second-step optimization is
proposed for adjusting the VSG power control dynamic. Via the simulation
validations under different operating conditions, the improvements made in
extending the VSG stability boundary and improving the power control dy-
namic is verified.
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Chapter 5. Active Damping
for the Parallel Operation of
Multiple Grid-Tied VSGs

1 Introduction

In the existing works on the VSG active damping control, the investigations
are mainly made for a single unit, whereas the characteristic of the parallel
operation of multiple grid-tied VSGs are disregarded. In this manner, when
a multi-VSG system is implemented, for example, a VSG-based microgrid,
the feasibility of these active damping control methods may be degraded.
Considering this, the investigation on the multi-VSG system operation has
gained a large popularity in recent years. For instance, in [95], the control
stability and the damping effect of a multi-VSG microgrid were attained by

Table 7: Technical Features of Existing Active Damping Methods

Reference = VSG Grid-tied Islanded Inertia Tuning
[36,45,66,91] 1 v X Disregarded Manual
[64,76] 1 v X Involved Manual
[74] 1 v X Involved Calculation
[25,92] 1 v X Disregarded Manual
[93] 1 v X Disregarded Data-driven
[94] 1 X v Involved Manual
[95] 3 X v Disregarded Optimization
[96] 2 X v Involved Manual
[67,68] 2 X v Involved Manual
[97] 4 X v Involved Manual
[97] 4 X v Involved Manual
[98] 3 v X Disregarded Optimization
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the control parameter optimization. An inertia control strategy was proposed
in [96] for realizing the smooth transient of a multi-VSG microgrid. More-
over, in [67,68,97,97], active power control law modifications were developed
for the damping of the VSG-based microgrid. A comparison of these works is
given in Table 7, it is clear that these investigations were mainly made for the
islanded operation mode, whereas the grid-tied case was disregarded. Only
the work in [98] gives an active damping solution for the multiple grid-tied
VSGs. Nevertheless, the active damping control and its tuning algorithm pre-
sented in [98] show a great complexity which needs the help of heuristic al-
gorithms. Therefore, developing an active damping strategy which provides
sufficient damping effects and a practical tuning becomes a challenge in this
field. To tackle this challenge, an active damping strategy which consists of
self and mutual active damping controllers is proposed.

2 Modeling of the VSG Based on the State-Space
Representation and Jacobian Matrix Calculation

2.1 System Description

A schematic of multiple grid-tied VSGs is depicted in Fig. 37. Here, the bold-
face letters are adopted to denote complex vectors. In nth VSG’s and grid’s
ap frames (n=1,2,...,N), current and voltage vectors are written with the
superscript s, for example, v5,, i}n, Uj:n, i, v;w iZ, and v(sg. Correspondingly,
those vectors in the nth VSG’s and grid’s dg frames are denoted without the
superscript, such as vy, Fir Ofns i1, Opeens Iins Vpee, Ig and V. In addition,
R fns L Fis and C fn are resistance, inductance, and capacitance of the inverter
output filter. R;, and L;,, denote the equivalent resistance and inductance of
the lines or cables between the inverter output filter and the PCC. Regard-
ing the external grid, its topology is disregarded, and the line impedance is
simplified by the resistance Ry and inductance Lg.

I Rpv Ly s R Ln
f1
TING W= W
— — =
o i I('fl iy P,
Rjn Lfn ’U‘/ N RI,, LI,, Ry L_q
4 _AM_m_..®
prg g = v e v
Vo Lin I Cl” i, Pn,Qn| 7 1y 7

Lin

HH  HH

CHVIN TOm iy Pn,Qn

Fig. 37: Multiple parallel grid-tied VSGs.
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2.2 Small-Signal Model Derivation

The passive filter and the impedance between the inverter and the PCC can
be modeled in the nth VSG’s dg frame as

Lfnifn = Oon — (an +jwann) ifn —Ufn (69)
Cfnvfn = ifn —jwncfnvfn — iy (70)
Linitn = 0fn — (Riy + jwnLiy) itn — Opeen (71)

where w,, represents the nth VSG’s angular frequency.

For modeling multiple VSGs simultaneously, a common frame is essential.
Considering this, the external grid’s DQ frame is used as the common frame,
and its angular frequency wWq is assumed to be constant. Then, the angle &,
between the nth VSG’s and grid’s frames is written as

O = 0 — 04 (72)
where 6, = w, and Qg = wq.
From (72), the transformations between the nth VSG’s dg and grid’s DQ
frames are defined as
Opeen = e /o Vipee, Iin = ejéniln- (73)
The dynamic of the interconnection of the PCC and the external grid is
modeled in the DQ frame as
The VSG control schematic is shown in Fig. 38, where the nth VSG’s active
power control (APC) is written as
Mywy = P — Py — Dy (wy — wy) (75)

where P; and P, are active power set point and feedback. M, is wy-scaled
virtual inertia which is M, = 2H,Sp,s./ wo, where H,, is the inertial constant,
and Sy, is the inverter ratted power. D, represents the damping constants.
wq denotes system’s nominal angular frequency.

3

v,

Tfn

Current | | Voltage
control control

Fig. 38: Schematic of the VSG control.
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The nth VSG’s reactive power control (RPC) is written as
V;;k = mpn(Q:; - Qn) + mipxyy + W (76)

where Q;, is the reactive power set point, and Qj, is the reactive power feed-
back. my, and m;, denote the reactive-power proportional-integral control
gains. Vp is the nominal voltage, and V); is the nth VSG’s voltage amplitude
reference. xy, is a state variable of the nth VSG’s RPC, and its derivative is

Xyn = Qp — Qn. (77)

The power feedback, i.e., P, and Q,, of the nth VSG are calculated from
the grid-side current and voltage as

. 3 .
Py +]Qn = Evfniln (78)

where i, is the conjugate vector of ij,,.
The virtual impedance is applied with the current-voltage regulation as

v}k‘n = V; — iy (Rvn +ijn) (79)

where vj’;n is set point fed into the inner voltage control. Ry, and Xy, denotes
the virtual resistance and inductance, respectively.
The nth VSG’s current-voltage control can be written in its dg frame as

iy = kpn (05, — 0pn) + KinYVy + jwnCrpvpn (80)
Von = lpn (5, = ifn) + linCy + jeonLpnifn + v (81)
where i}, and v}, are inverter output current and voltage references. kpn, kin,
lyn, and I, denote the coefficients of the current and voltage proportional-

integral controllers. v,, and {,, represent two state variable whose derivatives
are written as

Y = Oy = Vpn L = ify — ifn- (82)
Here, the control latency is considered as
1 *
(V50 — Von) (83)

Oon = s 1

where T; ~ 1.5T;, and T, denotes the control period.

Combining (69) to (83), the system shown in Fig. 37 is represented via a
group of differential equations as x=£(x). f(x) represents the vector function
which can be formulated as

£(x) = [fi(x1,- ., X15n42) - fisnga (X1, Xisne2)] T (84)

where fi(x1,...,X15N+2) tO fisn+2(X1,...,X158+2) are components of f(x),
and xq to x155.42 denote state variables. The state matrix x is

52



ACTIVE DAMPING OF VSG-BASED AC MICROGRIDS FOR RENEWABLE
ENERGY SYSTEMS INTEGRATION

T a T
X = [Xcirl Xpsgl Xcir2 Xovsgl -+ XcirN XvsgN Xlg] = [x1 X2 ... X15N42) (85)
where Xy, Xosgn and xjq are
Xcirn = {i fdn Lfgn Vfdn Vfqn tdn ilqn} ,
Xosgn = [Vodn Vogn Van Yan Can Cqn Xva @n 0n) ,X1g = [Igp Lgq] -
From (84), the Jacobian matrix J ia calculated as
of of of
J == {a ai .« e a} . (86)
X1 0x2 X15N+2

From J, system eigenvalues A; can be solved, wherei =1,2,...,15N + 2.

3 An Assessment of the Average Damping Level

In Table 8, the system settings are presented. Here, all the VSGs’ interfaces
with the grid are considered as the same, and the resulting SCR is around
6. The VSG control parameters are given in Table 9. Specifically, the inner
current and voltage controls are adjusted to have bandwidth of 225 Hz and
135 Hz, respectively. Moreover, the virtual impedance is applied to make the
equivalent impedance mainly inductive, i.e., [wo(Lg + Li,) + Xon] > (Rg +
Ry, + Ron). The inertial constant H, is 15 s, and the damping constant D,

Table 8: The system settings

Variable  Values | Variable Values | Variable Values
Spasen 1 MVA Viine 690 V Lsy 0.12 pu

Rey 0.006 pu Cn 0.2 pu Ly, 0.1 pu
Ry 0.01 pu Lg 0.066 pu Rq 0.007 pu

Table 9: The VSG control parameters

Variable  Values | Variable  Values | Variable Values
Ipn 0.64 pu Lin 38.59 pu kpn 0.25 pu

kin 52.37 pu Royn 0.013 pu Xon 0.22 pu

T, 0.0005 s Hy 15s Dy, 10 pu

Mpn 1.15 pu Miy 3 pu Vo 563 V

Base values are Vo / Spasen (Mpn and miy), o/ Spasen (D), Viye/ Stasen (lpn and L) and
Sbﬂsen/‘/l%m, (kp” and ki)
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is set to enable a 10% static droop. Regarding the RPC, using the simplified
model in [71], its bandwidth is adjusted to be the same as the APC. Without
loss of generality, the amount of VSGs in parallel is set to 3.

Firstly, for the damping level assessment, the average damping ratio (s
is defined to reflect the system damping level as

L —Real()\l)

szz

{1 L\/Real(A})? + Imag(A;)?

(87)

where L denotes the number of the system dominant eigenvalues. Here, the
dominant eigenvalues are defined as those with a real part greater than —2
and less than 0, i.e., —2 < Real(A;) <0.

Then, the parameters of 3 parallel-connected VSGs are considered as the
same, i.e.,, H} = Hy = H3 and Dy = Dy = D3. Changing H, and D, in the
range of [5,15] s and [10,50] pu, respectively, the average damping ratio {4,
is calculated and shown on the H,, — D, plane as Fig. 39.
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Fig. 39: Damping level assessment in the range of H, € [5,15] s and D, € [10,50] pu (a) Damping
ratio {4y (b) Damping ratio contour lines.

It is clear that, the average damping ratio (;, on the entire H, — D,, plane
is around 0.2 which is relatively low. Even when the damping constant D,
increases to 50 pu, the average damping ratio is still around 0.23. Then, the
average damping ratio is assessed in the case that VSG’s control parameters
are different. For this, two VSGs’ settings are firstly fixed, e.g., Hp =11.25s,
H3=15s, D, =15 pu and D3 =10 pu. Afterwards, H; and D; of one VSG
are changed in the range of [5,15] s and [10,50] pu. As depicted in Fig. 40,
the maximum average damping ratio on the entire H,, — D, plane is around
3. Therefore, as indicated in Fig. 39 and Fig. 40, the VSGs in parallel could
be poorly damped even when their inertia and damping constant settings are
adjusted in a wide range.
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Fig. 40: Damping level assessment in the range of H; € [5,15] s and D; € [10,50] pu (a) Damping
ratio {4 (b) Damping ratio contour lines.

4 Development of Self and Mutual Active Damp-
ing Strategies

To improve the damping level under the parallel operation of multiple grid-
tied VSGs, a novel control scheme as Fig. 41 is developed. Considering the
self-induced oscillations caused by the insufficient damping level, the self ac-
tive damping controller fs,(s) is applied. Moreover, aiming at alleviating the
potential interactions among the VSGs, the mutual active damping controller
fmn(s) is applied with the help of communications.

~'-")lwnm :2211(“’” —wpo) — (Wsn —wo)|m===1

Data to neighbors

v

sn | Control Layer Sl
> Dn |

B o -

Wmn 1

Fig. 41: The proposed self and mutual active damping strategies.

Then, from Fig. 41, the new APC law can be derived as

Wy = Wsp + wmnfmn(s) (88)
Myws, = P;zk — P, — Dy, [wsn — Wy +fsn(5)wsn} (89)

where wy,;, = Zf\il(wsi—wo) —(wsn—wp) denotes the sum of VSGs’ angular
frequency deviation. ws, denotes the angular frequency from the modified
swing equation with the self active damping controller fs;(s).
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4.1 Design of the Self Active Damping Controller

Approximately, the external grid is considered as an ideal bus whose voltage
amplitude Vy and frequency wg are constant. The VSG is approximately
taken as a voltage source whose voltage amplitude is Vj. Then, the nth VSG’s
output power (without coupling terms) can be formulated as

3V? 3V72
P, = 0 & ~ 0
" X sin dy, X, on (90)

where Xen =wp (Lg+Liy ) +Xon is the nth VSG’s equivalent output impedance.

Assuming that the mutual active damping controller fmn(s) is disabled,
wy in (88) is equal to wsy,. Substituting (72) and (90) into (89), the closed-loop
system AP /AP, is

3V¢

S) = .
f(s) 2Xen [Mys? + Dy fon(s)s2 + Dys| + 3V

1)

When f,(s) is disabled, i.e., fsu(s) =0, (91) represents the conventional
VSG’s APC. Then, from (91), it is clear that the APC loop has two complex
eigenvalues, and their natural frequency w,, is

| 312
= . 2
Won 2X, M, (92)

Moreover, from (91), it can be seen that, when fsn(s) is disabled, the cut-
off frequency w¢; of the closed-loop system AP;; /AP, follows

32
2Xen (jDnwen — Myw?,) + 3V3

20l0g,, = -3 dB. (93)

Considering that there is a phase angle difference of 7/2 (at the oscilla-
tion frequency w,;) between ws, and wsy, the self active damping controller
fsn(s) is expected to have the same phase angle delay at w,, to enlarge the
damping power Py, appropriately during the transient. When it comes to
the steady state, i.e., ws;, = 0, the damping power Py, is only regulated by
the VSG damping constant D,,. To fulfill these requirements, the self active
damping controller fsn(s) is selected as

ksn Tsn wén

fsn(s)

= 94
§2 4 Tonwgys + w3, ©4)
where wy, is the center frequency of fsn(s) which is set to wy, in (92). ksy
and T, denote two self active damping control coefficients.
When the self active damping regulator fsn(s) is applied, it is expected to
improve the damping effect on the oscillations without degrading the APC
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bandwidth. For this, fsn(s) should help reduce the the magnitude of fy(s)
at the oscillation frequency w,, without affecting the cut-off frequency wy.
At the same time, the magnitudes of fsn(s) at other frequencies within the
bandwidth is expected to be small enough as well. Following these precon-
ditions, the objective can be formulated as

min ‘fpn(]'won”
Vw € [0,wen] 20logy, |fpn(jw)| < 3 dB (95)

where w denotes any frequency in the range of [0, we;).
The design of the self active damping control fy,(s) is applied as follows:

Algorithm 1: Design of the self active damping control fp;(s)

1 forn € [1,N] do

2 Read M, D,, and X,;;

3 Calculate wyy, according to (92) and let wy,, = won;

4 Solve wey, from (93) via fsolve function in Matlab;

5 Find ks, and Ty, from (95) via fmincon function in Matlab;

6 Output won, ksy, and Tsy

4.2 Design of the Mutual Active Damping Controller

To alleviate the oscillation that is introduced by the interaction among VSGs,
the mutual active damping controller fy,(s) is applied as

_ ks
Tms? + wys + Tyyw?

frnn(8)

(96)

where w; is the center frequency where fy,,(s) has the maximum gin k. Tin
denotes the filter selectivity for tuning the pass band. For simplicity, w, and
Ty, can be selected as follows:

W)Wy,

Wr = /W)Wy, T = (97)

Wy — W

where w; and wy, denote the pass band range.
To let the pass band of fi,,(s) cover all the oscillation frequencies, we have

Here, for simplicity, w; and wy, are set to 0.1w, ;i and 10w max, Where
Wo min and Wy max denote the oscillation frequency range.
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Then, only the coefficient k;,;, is left to be selected. Substituting (72) and
(90) into (88) and (89), Awsy, / Awyyy is derived in the sense of small signal as

_ —3V02fmn(s)s
2Xen (Mps + Dy fon(s)s + Dy) +3V32s’

f wn(s) (99)

To let Aw,, work without affecting the generation of wsy, fun(s) should
be designed to let Aws, /Awy,y, have relatively small magnitudes within the
entire frequency range. For example, it can be formulated as

Vw € [0,00] 20logy | fuwn(jw)| = 15 dB. (100)

Using (100) and the getPeakGain function in MATLAB, the k;;,;, is obtained
by iterations. The procedures of designing the mutual active damping con-
troller fy,,(s) are shown as follows:

Algorithm 2: Design of the mutual active damping controller fy,(s)

1 Find w, 1yin and Wy, max @mong wo1, W1, - - -, WoN;
2 Let w; =0.1w, iin and wy, =10wo,max;
3 Calculate w, and T}, according to (97);
4 forn € [1,N] do
while getPeakGain(fun(s)) < 10 do
L Increase the value of ky,;;,;

o1

6

7 Output wy, Ty and kyyy

5 Simulation and Experimental Validations

5.1 Simulation Validations

Using the system settings and VSG control parameters presented in Table 8
and 9 and applying the control scheme shown in Fig. 41 and design method
(i.e., Algorithm 1 and 2), the parameters of the self active damping controller
fsn(s) and the mutual active damping controller f,(s) are obtained and
given in Table 10. Subsequently, using these parameters, the system as Fig. 37
is implemented and tested in Digsilent.

Table 10: The parameters of the controllers f, (s) and fun(s)

VSG Wi ken  Ten w; T Ko
1~3 | 521rad/s 227 378 |52lrad/s 021 0185
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When the VSGs are applied without the proposed active damping strat-
egy, VSG angular frequencies w, and output power P, contains sustained
oscillations under the power set point changes (AP; = —0.2 pu), as depicted
in Fig.42(a) and 42(b). When the self-damping controller f,(s) is applied,
most of the oscillations are alleviated, as shown in Fig. 42(c) and 42(d). Only
the slight power oscillations caused by the interactions are left. In the case
that both fs,(s) and fiu,(s) are applied, the output power are decoupled from
each other, and the transient is improved without oscillations, as depicted in
Fig. 42(e) and 42(f).

-—VSGl «=VSG2 ==VSG3 w—VSGl «=VSG2 ==VSG3
11 314.2
= 313.9
0. -z
£09 T S g mu———
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05 3 313.9
—=VSGl —VSG2 =VSG3 (d) —=VSGl —VSG2 =VSG3 (b)
1 314.2 I—\/\,\’—
— @ 3139
E < 3142
=08 £ 3139 V
o5 < 314.2 ——
0.6 3 3139
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Fig. 42: Responses under the set point changes (AP;; = —0.2 pu). Conventional VSGs: (a) Py; (b)
wy; When f, (s) is applied: (c) Py; (d) wy; When fs,(s) and fun(s) are applied: (e) Py; (f) wy.
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Fig. 43: Responses under the frequency variation (Afg= —0.05 Hz). Conventional VSGs: (a) P,;
(b) wy; When the proposed damping algorithm is applied: (c) Py; (d) wy.

As depicted in Fig. 43(a) and 43(b), when a grid frequency step change
of -0.05 Hz is applied at 1 second in the simulation, oscillations in both VSG
angular frequencies and the output power can be seen. In comparison, once
the proposed active damping controllers are applied, these poorly damped
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oscillations are well attenuated. The inertial response is not degraded by the
proposed active damping controllers, and inertial power is generated prop-
erly during the transient.

Subsequently, the control scheme and the design are validated under the
symmetrical voltage dip (90% of the nominal value). As depicted in Fig. 44(a)
and 44(b), after the voltage dip, the proposed active damping strategy works
effectively to attenuate the oscillations.

-V SG1 VSG2 == VSG3 -V SG1 VSG2 ==VSG3
2 1.2
= 1 Sl —
= 0.8 < 0.8
& @ | = (b)
0.6 0.6
0 2 4 6 8 10 0 2 4 6 8 1
Time (s) Time (s)
L —oom 1. Vieee=08 pu
Lo —1 %, :%\//:;
e 2
= (.8 ;! = (.8 :
B : © | = : ()
0.6l 0.6l
0.05 0.15 0.25 0.35 0.05 0.15 0.25 0.35

Time (s) Time (s)
Fig. 44: Responses under the grid voltage dip (Vji;, = 0.9 pu). (a) Conventional VSGs output
power; (b) Output power of VSGs with the proposed damping strategy; (c) Zoom of the wave-
form in (a); (d) Zoom of the waveform in (b).

In addition to the poorly damped low frequency oscillations, at the instant
of the voltage dip, there are slight power oscillations at a relatively high
frequency, as depicted in Fig. 44(c) and 44(d). Since they are not within the
control bandwidth, they cannot be effectively attenuated. To suppress these
power oscillations, extra active damping strategies need to be included.

5.2 Experimental Validations

In the experimental validations, a scale-down implementation using three 2.2
kVA Danfoss inverters is applied , and it is illustrated by Fig. 45. The external
grid is simulated by the Chroma 61845 grid simulator, and the control is real-
ized using the DS1006 processor. The grid-side currents and the VSG output

Chroma, 61845
(=5 |
]

DS1006 DSPACE ©  ©

aaaaa < I

< Cn
] PWAIB 4 :|=:

Fig. 45: Experimental setup.
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power are measured by the oscilloscope. The settings for the experimental
implementation are presented in Table 11.

Table 11: Settings used for the experimental implementation

Variable Values | Variable Values | Variable Values
Spasen 2.2 kW Viine 220V Ry 0.005 pu
Lgy, 0.077 pu Cn 16.08 pu Ry, 0.005 pu
Ly, 0.051 pu Re 0.018 pu Lg 0.036 pu

Ipn 0.14 pu Lin 9.09 pu kpn 7.7 pu

kin 1320 pu Royp 0 pu Xon 0 pu
T 100 us H, 5s D, 10 pu
Mpn 0.5 pu Miy 0.25 pu Vo 180 V
Wi 19 rad/s ksn 0.77 Tsn 3.89
wy 19 rad/s T 0.21 kmn 0.17

As shown in Fig. 46(a), when multiple grid-tied VSGs are applied without
the proposed active damping strategy, under an active power set point step
change of 0.27 pu, obvious oscillations can be found in the VSG’s output.
The interactions are obvious as well. In comparison, when multiple grid-tied
VSGs are applied with the proposed controllers, the sustained oscillations in
Fig. 46(a) are attenuated well, seeing Fig. 46(b). The VSG’s power tracking is
smooth, and only slight power variations caused by the interactions can be
seen in the output.

Tekepeevu (i, , 20 A/div ——— Noise Filter Off Tel ig.a 20 AJdiv) S Noise Filter Off
w«m-mww~wmmm»ﬂwwm-mvrwmmm nuummm.mmmwmmmwmmmlimml
£y 0.45 kW /div; Py 0.45 kW/div)
WP changes T : D""""’f'\ P} changss ' : :
P, 0.45 kW/div) *  + i e '-.lfiw‘”": ---- P, 0.45 kW/div) * + + | e dobuliaseuin it ittty
A AN Vi VL \ f L% T f Ty
i ¥ Wﬁ““’"\m i Y VoV v “Pj changds
P3 0.45 kW/div) - P 0.45 k\\'/’di:\ H : F
Rl EAN
&® 500V i & 500V i I i H H
E_j 500V @ 2004 fa0oms J&® r200v <10Hi; | g 500 @ 2004 faoms & r22v <10HI; )

(a) (b)

Fig. 46: Waveform under the set point step change (AP;; =0.27 pu). (a) Without the proposed
strategy; (b) With the proposed strategy.

Subsequently, a grid frequency step change (Af, = —0.1 Hz) is applied
to validate the proposed strategy. As depicted in Fig. 47(a), under the grid
frequency perturbation, sustained output power oscillations can be observed
when multiple VSGs are applied without any additional damping strategy.
In comparison, with the proposed active damping method, these power oscil-
lations are remarkably attenuated, as depicted in Fig. 47(b). From the output
power transient in Fig. 47(b), the inertial power is injected in to the grid ap-
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propriately, which indicated that the proposed active damping algorithm can
preserve the inertial response well.
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Fig. 47: Waveform under the frequency step change (Af,= —0.1 Hz). (a) Without the proposed
strategy; (b) With the proposed strategy.

As depicted in Fig. 48(a), when a voltage dip (V};,,= 0.8 pu) is applied
in the experiment, sustained oscillations appear in the VSG’s output. On
the other hand, these oscillations are well attenuated by the proposed active
damping controllers, as depicted in Fig. 48(b).
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Fig. 48: Waveform under the voltage dip (V};,,,= 176 V). (a) Without the proposed strategy; (b)
With the proposed strategy.

6 Summary

In this chapter, a strategy is developed for the parallel operation of multiple
grid-tied VSGs. Firstly, the model of multiple grid-tied VSGs is derived us-
ing the state-space representation and the Jacobian matrix calculation. Subse-
quently, based on the derived model, an assessment of the average damping
level is conducted. To tackle the lack of damping effects, the self and mutual
active damping controllers are developed. Through the simulation and exper-
imental validations under different types of perturbations, the effectiveness
of the active damping strategy is validated.
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Chapter 6. Conclusions and
Future Works

1 Summary

This Ph.D. project focuses on developing active damping strategies for VSG-
based AC microgrids. Considering the single VSG operation as well as the
parallel operation of multiple VSGs in AC microgrids, active damping strate-
gies using the power control law modification and its optimal tuning were
developed in this Ph.D. project. This Ph.D. thesis is summarized as follows:

In Chapter 1, the status of the renewable energy system and its integration
approaches have been discussed. For the renewables that cannot be arranged
in large-scale power plants, the AC microgrid provides a feasible grid inte-
gration solution. As a power-electronic-based energy system, the AC micro-
grid itself often lacks phythical inertia to slow down the frequency dynamic.
When it is connected to the grid with a low inertia level, it may not be able to
maintain the system stability as expected. This motivates the replacement of
conventional GFL control with the GFM control as the GFM inverters oper-
ate like controllable voltage sources which share strong similarities with the
synchronous machine.

As there are various GFM control methods have been developed, in Chap-
ter 2, a review of the typical GFM controls has been conducted. Specifically, it
covers the droop control, VSG, PSC, VOC, and matching control. Compared
with other GFM controls, the VSG not only provides a good compatibility
with the mature vector current-voltage control but also enables a straightfor-
ward inertia emulation. On the other hand, its inertia emulation based on the
conventional swing equation also leads to restricted stability boundaries and
inefficient damping effects, which in turn may cause poorly damped power
oscillations.

To alleviate the power oscillations, various active damping control strate-
gies have been proposed. Nevertheless, because VSG's inertia effect is often
disregarded during the controller development, the resulting active damp-
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ing controllers may degrade the inertial response significantly. Considering
this drawback, in Chapter 3, a power reference feedforward control scheme
is firstly proposed. Different from the existing works, the proposed control
scheme enables a quantitative design of the power set point tracking without
affecting VSG’s original inertial response. Considering that a preservation of
VSG’s inertial response may not be enough for the inertia support in the fu-
ture power system, it is better to attain a remarkable enhancement in VSG’'s
inertial response and a well-damped power control simultaneously. For this,
an combination of the FOC and the VSG is investigated. With extended de-
grees of freedom included, the proposed FOVSG control scheme provides an
inertial response enhancement and a well-damping control.

In Chapter 4, considering the accuracy of the small-signal modeling adopt-
ing the phaosr representation will be degraded in the case of a limited current-
voltage control bandwidth and a large control latency, an improved small-
signal model based on the state space representation is firstly derived. Using
the eigenvalue analysis, the VSG control parameters are divided into two
sets, where one is for the stability adjustment, and another is for the power
control dynamic adjustment. Then, a two-step optimization is proposed for
the optimal VSG tuning, where the first-step optimization is applied for the
extended stability margin, and the second-step optimization is applied for
smoothing the power control transient.

In Chapter 5, the active-damping strategy development is extended from
a single unit operation to the parallel operation of multiple grid-tied VSGs.
For this, a small-signal model is derived using the state space representation
and the Jacobian matrix calculation. Through the damping level assessment,
it is found that the system can be poorly damped in a wide range of inertia
and damping constants. To improve the system damping effect on attenuat-
ing self-induced and mutually induced power oscillations, self and mutual
active damping controllers have been proposed. For the benefit of real-time
implementation, a control parameter tuning algorithm that enables the online
realization has been developed as well.

2 Main Contributions

The main contributions made in this Ph.D. project are as follows:
¢ Feedforward VSG control scheme

A novel VSG control scheme using the power set point feedforward has
been proposed. Adopting this VSG control scheme, the poorly damped
power oscillations in the power set point tacking transient can be sig-
nificantly alleviated to have a desired dynamic response. Furthermore,
the inertial response is preserved well without any degradation.
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¢ Fractional order VSG control scheme

A novel VSG control scheme using the fractional order regulator is pro-
posed. Applying this control scheme, extended degrees of freedom can
be involved in the control performance adjustment, which introduces a
remarkable improvement of the power control damping level and the
inertial response, simultaneously.

¢ Stability-oriented VSG optimal tuning algorithm

A stability-oriented VSG tuning algorithm has been proposed. The pro-
posed tuning algorithm enables an optimization of the VSG control sta-
bility and the power control dynamic, which benefits maintaining the
control performance under different operation conditions.

* An active damping control strategy for the parallel operation of mul-
tiple grid-tied VSGs

Considering the parallel operation of multiple grid-tied VSGs, an ac-
tive damping control strategy which includes both self and mutual ac-
tive damping controllers have been proposed. Applying the proposed
control strategy and tuning algorithm, the output power of VSGs are
well-damped and decoupled from each other, and the preferable iner-
tial response can be preserved well.

3 Future Research Perspectives

The future research perspectives are summarized as follows:

¢ The VSG modeling and analysis applied in this Ph.D. project have been
conducted in the sense of small signal; however, in practice, perturba-
tions like short-circuit faults are more critical. Therefore, the transient
stability, the resulting wide-band oscillations, the prevention of over-
loading need to be further investigated.

¢ The DC-link is considered as ideal in this Ph.D. project, which means its
energy storage is considered as infinite. Nevertheless, in practice, the
energy storage are often restricted, and the DC-link dynamic will be in-
evitably affected by the inverter controllers. In this sense, the VSG con-
trol needs to be further investigated with DC-link dynamics involved.

¢ In this Ph.D. project, the operation of multiple VSGs in an AC microgrid
has been investigated , where the grid interconnection is simplified as a
impedance. However, in practice, the topology of the grid network and
the interconnections are much complex. In this sense, the modeling and
control of VSGs inside complex networks are of research significance.
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