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Abstract

System inertia and voltage stability are two main characteristics of the electri-
cal power system. In traditional power systems, the system inertia depends
on the kinetic energy in the rotor of the traditional synchronous generators
(SGs). However, as the penetration of wind power generation rises, numerous
SGs will be replaced by converter-interfaced generators (CIGs). Thus, the sys-
tem inertia will be reduced significantly, which may threaten the frequency
stability. Moreover, the long distance between the main grid and the wind
farm usually causes a large transmission impedance and a low short-circuit
ratio (SCR). In the low-SCR grid, maintaining voltage stability is a challenge.
Therefore, this Ph.D. project focuses on inventing improved control solutions
to enhance the voltage stability and frequency stability of wind generation
systems connected to weak grids.

Typically, grid-connected inverters in wind generation systems need a
phase-locked loop (PLL) for voltage synchronization. This PLL-based control
method is usually called grid-following (GFL) control method, which is the
first research target of the thesis. Specifically, small-signal impedance mod-
els and state-space models of GFL inverters are built to analyze the voltage
instability mechanism. According to the small-signal impedance model, it is
found that the positive feedback introduced by the PLL can lead to negative
resistance characteristics, which are identified as the reason of the instability.
In order to mitigate the positive feedback and weaken the negative resistance
characteristic, a double-PLL-based impedance reshaping control method is
proposed, which can not only extend the small-signal stability range, but also
improve the dynamic performance of the PLL. Thus, the voltage instability
issue of the conventional GFL inverters in weak grids can be solved.

Secondly, grid-forming (GFM) control methods become the next research
focus of the thesis, because GFM inverters are necessary for low-inertia grids
to improve the frequency stability. Considering that GFM control schemes
have not been unified or standardized yet, three commonly used GFM control
schemes are compared initially. It is found that a virtual-admittance-based
GFM control scheme has a wider stability range than a virtual-impedance-
based scheme and the typical control scheme without a virtual impedance.



Abstract

So, the virtual-admittance-based GFM control scheme is chosen to be used.
Then, the parameter design method for the virtual admittance is studied
and a simple design method is proposed. By using the proposed design
approach, GFM inverters are able to be stable within a wide range of SCR.
Moreover, it is found that GFM inverters with a typical current reference
limiting method suffer from instability issues during large grid disturbances.
To solve this problem, a power-angle-based overcurrent protection approach
is proposed, which can maintain the stability of GFM inverters during large
grid frequency or voltage disturbances. Thus, with the proposed overcurrent
protection method, GFM inverters can operate stably even under large grid
disturbances.

Afterwards, to study stability issues of wind generators, small-signal mod-
els of Type-3 and Type-4 wind generation systems are built. In terms of Type-
4 wind generation systems, only considering the grid-side converter (GSC) is
enough to derive the small-signal impedance model and perform the sta-
bility analysis. However, for Type-3 wind generation systems, it is difficult
to obtain the full-order impedance model of the doubly-fed induction gen-
erator (DFIG) system due to both dc-side and ac-side couplings between the
GSC and the rotor-side converter (RSC). To address this difficulty, a two-port-
network-based decoupled impedance modeling method is proposed, which
is able to decouple the ac-side coupling so that the RSC, GSC, and dc-link
coupling can be modeled separately. By using the proposed modeling ap-
proach, the impact of the dc-link coupling in the DFIG system with either
GFL or GFM control can be analyzed quantitatively. Thus, according to
small-signal models of PMSG and DFIG systems, the small-signal stability
of grid-connected wind generators can be analyzed accurately.

Then, the proposed improved GFL and GFM control methods are applied
to two paralleled permanent magnet synchronous generator (PMSG)-based
Type-4 wind generators, and it is found that the stability and transient per-
formance of GFL and GFM Type-4 wind generators can be improved. So,
the voltage and frequency stability requirements mentioned in the beginning
are basically satisfied. Finally, a more realistic case study of Anholt Offshore
Wind Power Plant is carried out, which shows good stability and transient
performance of the proposed GFL and GFM control solutions.

The outcomes of this Ph.D. project will be helpful to address stability chal-
lenges of power systems with a high percentage of wind power generation.
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Resumé

System-inerti, frekvens- og spaendingsstabilitet er tre vigtige hovedkarakter-
istika ved det moderne elektriske energisystem. I det traditionelle el-system
afhaenger system-inertien af den kinetiske energi i rotoren pa de traditionelle
synkrone generatorer (SG’er). Men efterhanden som udbredelsen af vind-
kraftproduktion stiger, vil adskillige SG’er blive erstattet af effektelektroniske
omformer-baserede (inverter) generator (CIG’er) som typisk er i vindmeller
og sol-celler. Dermed vil system-inertien blive reduceret veesentligt, hvilket
kan true frekvensstabiliteten, som er afgerende for et sikkert el-net. Desuden
forarsager den lange afstand mellem hoved el-nettet og de fremtidige vin-
dmelleparker normalt en stor transmissions-impedans og som dermed har
et lavt kortslutningsforhold (SCR). I et lav-SCR-net er det en udfordring at
opretholde ovennavnte speendingsstabilitet. Derfor fokuserer dette Ph.D.-
projekt pa at finde forbedrede styringslosninger til at forbedre speendings-
og frekvensstabiliteten af vindproduktionssystemer forbundet til svage net.

Typisk bruger net-tilsluttede invertere i vindmeller en faseldst kontrol-
slejfe (PLL) til at synkronisere med el-nettets spaending for at veere tilsluttet
sikkert. Denne PLL-baserede kontrolmetode kaldes normalt grid-following
(GFL) kontrol og denne kontrolmetode er athandlingens forste forskningsmal
at analysere. I den sammenheeng anvendes smasignal-impedansmodeller og
state-space-modeller af GFL-invertere til at analysere speendings-ustabiliteten
i el-nettet. Smasignal-impedansmodellerne viser i afhandlingen, at en positiv
feedback introduceret af PLL’en kan fore til negative modstands-karakteristika,
som kan give anledning til speendings-ustabilitet. For at afbede denne pos-
itive feedback og svaekke den negative modstands-karakteristik af invert-
eren foreslds en dobbelt-PLL-baseret impedanskompensering, som nemt kan
inkluderes i kontrolmetoden, som ikke kun forbedrer stabilitetsomradet ved
sma forstyrrelser, men forbedrer ogsd PLL'ens dynamiske ydeevne generelt.
Séledes kan speendings-ustabiliteten for de konventionelle GFL-invertere i
svage el-net lgses.

Et andet aspekt i athandlingen er grid-forming (GFM) kontrolmetoder,
hvor inverteren opferer sig som en traditionel synkron generator og viser
sig nedvendige i lavinerti-net for at kunne forbedre frekvensstabiliteten og
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Resumé

kunne starte el-nettet op. I betragtning af, at GFM-kontrol metoderne ikke er
blevet standardiseret endnu, sammenlignes i athandlingen tre almindeligt
kendte GFM-kontrol-metoder indledningsvis. Det viser sig, at et virtuelt
admitans-baseret GFM-kontrol metode har et bedre stabilitetsomrdde end et
virtuel-impedans-baseret metode. Derfor er den virtuelle admittans baserede
GFM-kontrol metode valgt til at blive underspgt neermere i afhandlingen.
Efterfolgende studeres metoder til at designe /bestemme parametrene for den
virtuelle admittans som viser sig muligt at gore simpelt. Den foresldede
design-metode gor GFM-invertere i stand til at veere stabile inden for en bred
vifte af SCR. Desuden viser det sig, at GFM-invertere, som typisk anvender
en begreensningsmetode for strom-referencen, ofte lider af ustabilitetsproble-
mer under store net-forstyrrelser. For at lose dette problem foreslas en adap-
tiv effektvinkel-baseret overstromsbeskyttelsesmetode, som kan opretholde
stabiliteten af GFM-invertere selv under store netspaendings- eller frekvens-
forstyrrelser. Med den foresldede overstromsbeskyttelsesmetode kan GFM-
invertere saledes fungere meget stabilt selv under store netforstyrrelser.

Derncest studeres stabilitetsproblemer for to typer vindmellegeneratorer,
hvor der udvikles smasignalmodeller af Type-3 og Type-4 vindmelle sys-
temer. Med hensyn til Type-4 vindmellesystemer er der i athandlingen kun
overvejelser omkring netside-omformeren (GSC) i forhold til at udlede smasig-
nalimpedansmodellerne og udfere en stabilitetsanalyse. For Type-3 vind-
molle systemet er det imidlertid vanskeligt at udlede en impedansmodel af
fuld orden for den dobbeltfedede induktions generator (DFIG) pa grund af at
der eksisterer bAde DC-side og AC-side koblinger mellem netside-omformeren
(GSC) og rotor-side konverteren (RSC). For at lese denne vanskelighed fores-
las en to-port-netvaerksbaseret afkoblet impedans-modelleringsmetode, som
er i stand til at afkoble AC-siden, s4 RSC, GSC og dc-link-koblingen kan
modelleres separat — for derefter at bruge superpositions-princippet til at fa
den fulde model. Ved at bruge den foresldede modelleringsmetode kan ind-
virkningen af dc-link-koblingen i DFIG-systemet med enten GFL eller GFM-
styringen analyseres kvantitativt og kvalitativt. Smasignalmodellerne for Per-
manent Magnet Synkron-generatorer (PMSG i Type 4) og DFIG-systemer kan
bruges til at analysere nejagtig net-tilsluttede vindmelle systemers stabilitet.

De foresldede GFL og GFM-kontrolmetoder anvendes derefter pd to par-
allelle Type-4 vindmselle generatorer, og det viser sig, at stabiliteten og ydeev-
nen af GFL og GFM bliver veesentlig forbedret ved bade svage og steerke el-
net, hvorfor speendings- og frekvensstabilitets-kravene, som er neevnt i begy-
ndelsen af afhandlingen grundleeggende er opfyldt. Endelig udferes et mere
realistisk studie af Anholt Hav vindmelle park, som ogsa viser god stabilitet
ydeevne, nar de foresldede GFL og GFM-kontrollesninger anvendes.

Resultaterne af dette Ph.D. projekt er brugbar til at lose fremtidige sta-
bilitetsudfordringer i el-systemer med en hej procentdel af vindkraftproduk-
tion og med svage el-net.

viii



Contents

Curriculum Vitae
Abstract
Resumé

Preface

I Report

1 Introduction
1.1 Background . ............ .. .. .. o oL
1.1.1 Requirements of Grid Codes . . . ... ... .......
1.1.2  Development of Wind Turbine Generation Systems . . .
1.1.3 State-of-the-Art of Grid-Following Inverter . . . . . . . .
1.1.4 State-of-the-Art of Grid-Forming Inverter . . . . . . . ..
1.2 Research Objectives and Limitations . . . . .. ... .. .. ...
1.2.1 ResearchQuestions. . . ... ... ... ..........
122 Research Objectives . . ... ... .............
123 Research Limitations . . . . ... ... ...........
1.3 ThesisOutline . . . . .. ... ... .. ... .. .. .. .. ...
1.4 Listof Publications . . . . ... .. ... .. ... ........
1.5 Experimental Setup Utilized in This Thesis . . . . .. ... ...

2 Modeling, Stability Analysis, and Control of GFL Inverter
2.1 Static Power Limit of Grid-Connected Inverter . . . . ... . ..
2.1.1 Case 1: with Current Limitation . ... ..........
2.1.2 Case 2: without Current Limitation .. ... ... .. ..
2.2 Dynamic Power Limit of GFL Inverter . . . . . . ... ... ...
221 Small-Signal Modeling of GFL Inverter . . . .. ... ..
2.2.2  Small-Signal Stability Boundary of GFL Inverter . . . . .

ix

iii

vii

xiii



Contents

2.3 Proposed Impedance Reshaping Method . . ... .. ... ...
23.1 Initial Improved GFL Control Scheme . . . . .. ... ..
2.3.2 Further Improved GFL Control Scheme . . . . . ... ..
24 Summary . . ...

Modeling, Stability Analysis, and Control of GFM Inverter

3.1 Comparative Study of GFM Inverters . . . . ... ... ... ..

3.2 Virtual-Admittance-Based GFM Inverter. . . . . . ... ... ..
3.2.1 Small-Signal Modeling of GFM Inverter . . . . . . .. ..
3.2.2 Eigenvalue Analysis for GFM Inverter. . . . . . ... ..
3.2.3 Simplified SISO Stability Analysis Method . . . . . . ..

3.3 Proposed Overcurrent Protection Method . . . . . .. ... ...
3.3.1 Problems of Existing Overcurrent Protection Methods
3.3.2 Proposed Initial Power-Angle Limiting Method . . . . .
3.3.3 Proposed Improved Power-Angle Limiting Method . . .

34 Summary . . ...

Control and Impedance Modeling of Grid-Connected PMSG

41 Control and Impedance Modeling of GFL-PMSG . . . . . . ..
41.1 Impedance Modeling of GFL-PMSG . . . ... ... ...
4.1.2 Impedance Characteristic Analysis for GFL-PMSG . . .

42 Control and Impedance Modeling of GFM-PMSG . . . . . . ..
421 Impedance Modeling of GFM-PMSG . . ... ... ...
422 Impedance Characteristic Analysis for GFM-PMSG . . .

43 Summary . . . . ...

Control and Impedance Modeling of Grid-Connected DFIG

5.1 Control and Impedance Modeling of GFL-DFIG . . . . ... ..
5.1.1 Impedance Modeling of GFL-DFIG . ... ... ... ..
5.1.2 Proposed Two-Port Network Modeling Method . . . . .
5.1.3 Impedance Characteristic Analysis for GFL-DFIG . . . .

5.2 Control and Impedance Modeling of GFM-DFIG . . . . . . . ..
52.1 Impedance Modeling of GFM-DFIG . . . . .. ... ...
522 Proposed Two-Port Network Modeling Method . . . . .
5.2.3 Impedance Characteristic Analysis for GFM-DFIG

53 Summary . . .. ...

Case Studies of Multiple Grid-Connected Wind Generators

6.1 Case 1: Two Paralleled 30 kW Wind Generators . . ... .. ..
6.1.1 Paralleled GFL-PMSGs in Strong and Weak Grids . . . .
6.1.2 Paralleled GFM-PMSGs in Strong and Weak Grids . . .

6.2 Case 2: Two Paralleled 4 MW Wind Generators . . ... .. ..
6.2.1 Paralleled GFL-PMSGs in Strong and Weak Grids . . . .

52

101
105
106



Contents

6.2.2 Paralleled GFM-PMSGs in Strong and Weak Grids . . . 107
6.3 Case 3: Anholt Offshore WPP with Proposed Control Solutions 109
6.3.1 Case Study of Anholt Offshore WPP with Proposed

GFL-PMSG Control Solution . . . . ... ... ... ... 110
6.3.2 Case Study of Anholt Offshore WPP with Proposed

GFM-PMSG Control Solution . . . . .. ... ....... 111

6.4 Summary . . . ... ... 114
Conclusion 115

71 SummaryoftheThesis. .. ... ... ............... 115

7.2 Main Contributions . . . . . . .. ... ... 116
73 Future Work . . ... .. ... .. 117
Bibliography 119
References . . . . . . . . . . 119

IT Selected Publications 129
Journal Paper - ]2 131
Journal Paper - J3 147
Journal Paper - J5 159
Conference Paper - C4 175
Conference Paper - C5 183
Conference Paper - C7 193

Xi



Contents

Xii



Preface

The content presented in this dissertation is a summary of the outcome of the
Ph.D. project “Modeling, Stability Analysis, and Control of Wind Generation Sys-
tem Connected to Weak Grid”, which was carried out at AAU Energy, Aalborg
University, Denmark.

First of all, I would like to express my sincere appreciation to my super-
visor, Professor Frede Blaabjerg, for his excellent guidance, inspiration, and
encouragement throughout my entire Ph.D. study. His profound knowledge
and outstanding leadership impressed me a lot, which helps me to overcome
many difficulties in my Ph.D. project and come up with lots of interesting
ideas. Besides, I would like to thank my co-supervisors, Associate Professor
Dao Zhou and Postdoc Chao Wu, for their remarkable guidance and patient
assistance during my Ph.D. study. With their guidance, I learned how to
write a high-level academic paper and make a presentation in a logical man-
ner. These skills will help me to become a better researcher.

I would also like to thank Professor Xavier Guillaud for providing me an
opportunity to study abroad at Ecole Centrale de Lille, France. In Xavier’s
research group, we had a lot of discussions about the different grid-following
and grid-forming control methods with Ph.D. student Yahya Lamrani and his
colleagues. Their valuable input improved my understanding of my research
topics. I feel grateful for having been there.

Moreover, I would like to pay my special thanks to Ph.D. students Meng
Chen, Shan He, Jing Yuan, Yubo Song, Daniela Pagnani, Dimitrios Dim-
itropoulos, Chaochao Song, Yun Yu, Liang Zhao, Shiyi Liu, and all colleagues
and secretaries in the department of AAU Energy. With their help and sup-
port, work and life become more pleasant during my Ph.D. study period.

Finally, I would like to express my deep gratitude to my family, who have
always supported me in my life. Without their support and encouragement,
this work would not have been accomplished.

Liang Huang
Aalborg University, February 12, 2023

xiii



Preface

Xiv



Part I

Report






Chapter 1

Introduction

1.1 Background

In the past decades, conventional fossil-based centralized power generation
plants are deemed unsustainable because of the predicted drain of fossil-
based resources and global warming issues. Consequently, many compa-
nies and institutions have been working on research and development of
renewable energy sources. Thus, the modern electrical power system is in
a dramatic change from centralized generation to distributed renewable en-
ergy generations, such as wind power, solar, bioenergy, geothermal, and tidal
power plants [1]. Among these renewable energy sources, wind power could
become the world’s foremost generation source, because there are abundant
wind resources around the world and wind energy can easily be obtained
without much physical restriction. According to the plan of the International
Renewable Energy Agency, the world’s installed wind power capacity is fore-
casted to be 6000 GW by 2050 [2]. In respect to Europe, the total wind energy
share is expected to be nearly 50% in 2050 [3], that is around 400 GW, as
illustrated in Fig. 1.1. Besides, it is reported by the Danish Energy Agency
that the electricity supply capacity of wind power in Denmark is expected to
be 12 GW by 2030, as shown in Fig. 1.2. To this end, the renewables share of
the electricity consumption in Denmark is expected to reach 111% in 2030 [4].

As the penetration of wind power generation rises, numerous central-
ized and large synchronous generators (SGs) will be replaced by distributed
converter-interfaced generators (CIGs). However, the general features and
characteristics of CIGs are quite different from that of the SGs [5]. Specifi-
cally, the traditional SGs have a strong synchronous frequency coupling with
the grid. When the grid frequency is varied because of the load variation, the
rotor speed of the SG is also changed. Thus, the kinetic energy stored in the
rotor plays the role of being an energy buffer to support the grid frequency, so
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Fig. 1.1: Electricity production mix in Europe. Source: [3].
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Fig. 1.2: Electricity supply capacity of wind power and solar power in Denmark. Source: [4].

the frequency stability of the power grid can be maintained in this way. Dif-
ferently, the wind generators have no synchronous frequency coupling with
the grid, because they are connected to the power grid via a back-to-back
power electronic converter, which completely follows the grid frequency by
using a phase-locked loop (PLL). Thus, when the grid frequency is reduced,
the wind generators do not provide frequency support to the grid. Hence, the
frequency stability of the power grid with a high percentage of wind power
generation is hard to be maintained [6]. Besides, although the CIGs with the
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‘ Power System Stability ‘

Research focus of this thesis
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Fig. 1.3: Classification and definition of power system stability. Source: [9].

power synchronization control can enhance the frequency stability, they have
rotor angle instability issues under weak grid or grid fault conditions.

Moreover, since the locations with abundant wind resources are often
far away from the load center, the wind farms are usually placed distant
from the main grid. Thus, transmission lines between the main grid and
the wind farm would be very long. However, the long-distance transmis-
sion lines cause large transmission impedances and low short-circuit ratios
(SCRs), which may threaten the voltage stability [7]. For example, many sub-
synchronous oscillation events associated with wind power plants connected
to weak grids have occurred in America, China, Canada, Australia, United
Kingdom (UK) in recent ten years [8].

Overall, the power system consisting of massive CIGs may encounter dif-
ferent kinds of stability issues, including resonance stability, converter-driven
stability, rotor angle stability, voltage stability, and frequency stability [9], as
illustrated in Fig. 1.3. Besides, these stability issues can be further classified as
fast interaction, slow interaction, small-disturbance, large-disturbance, short-
term, and long-term stability issues. So, the stability problems have become
key problems of future power systems with a high proportion of CIGs [10].
Therefore, more demanding specifications (i.e., Grid Codes) have continu-
ously been issued and updated [11].

1.1.1 Requirements of Grid Codes

In order to ensure the power system operates safely, the grid voltage and
frequency must meet the Grid Codes. Table 1.1 presents the requirements for
the grid voltage in UK Grid Codes [12]. According to the Grid Codes, the
voltage on the 400 kV part of the power system at each connection site will
normally remain within +5% of the nominal value. Voltages on the 275 kV
and 132 kV at each connection site will remain within £10% of the nominal

5
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Table 1.1: Requirements for grid voltage variations in UK Grid Codes [12].

Nominal Voltage Normal Operating Range

400 kV 400 kV £5%

275 kV 275 kV £10%

132 kV 132 kV £10%
<132 kV VN £ 6%

Table 1.2: Requirements for grid frequency variations in UK Grid Codes [12].

Frequency Range Requirements
51.5-52 Hz Operation for at least 15 minutes
51-515Hz Operation for at least 90 minutes
50.5-51 Hz Continuous operation is required
49.5-50.5Hz Normal operation
49 -495Hz Continuous operation is required

47.5-49 Hz Operation for at least 90 minutes
47 - 475 Hz Operation for at least 20 seconds

| i 505 1
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T {50 ! : Tls0 /!
S~ ] S~
i | [ ) !
49.5 | | )
V | — ]
[} 1 ]
) ' L} L]
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N y High frequency response t
PO P s s S e it o
| i '
10s 30s 30m 10s

Fig. 1.4: Frequency dynamic response requirements for power plants. Source: [13].

value. Besides, voltages below 132 kV at each connection site should remain
within £6% of the nominal value. In summary, the grid voltage must be
controlled within £5% ~ 10% of the nominal value. Otherwise, the voltage
stability cannot be maintained [12].

Table 1.2 provides the requirements for grid frequency in UK Grid Codes.
According to the Grid Codes, the frequency of the power system shall be
controlled within 49.5 ~ 50.5 Hz normally. For exceptional circumstances,
the frequency could rise to 52 Hz or fall to 47 Hz but they should meet the
requirements listed in Table 1.2. When the grid frequency is beyond 47 ~ 52
Hz, the frequency stability of the power system cannot be maintained [12].

6
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Table 1.3: LVRT requirements for offshore transmission systems in UK Grid Codes [12].

Voltage magnitude Requirements
09-10p.u. Normal operation
0.85 p.u. Operation for at least 3 minutes
0.80 p.u. Operation for at least 2.5 seconds
0.50 p.u. Operation for at least 0.71 seconds
0.15 p.u. Operation for at least 0.14 seconds
Grid voltage level (% of Nominal) Reactive Current (p.u.)
Faul
%9 Acceptable envelope of au t
30 RN A clearance
125 reactive current mjection e
[ Acceptable envelope L0 H
i for disconnection 0.65!- _ ;
with the grid ’ Forbidden
) operating
15 L area
: ; 2
0.14s  12s 2.5s 3 minutes 0.02s 0.06s  0.12s 0.14s Time

(a) (b)

Fig. 1.5: Requirements of converter-based plant under grid fault conditions (a) LVRT require-
ments; (b) Fast reactive current injection requirements. Source: [14] and [15].

Moreover, to assist in maintaining the frequency stability of power sys-
tems, the Grid Codes also specify the frequency dynamic response require-
ments for power plants. It defines ‘Primary’, ‘Secondary’, and ‘High fre-
quency’ responses as the change of the active power in response to the change
of frequency, as illustrated in Fig. 1.4, where Primary response is the mini-
mum increase within 10 seconds and sustainable for 30 seconds, Secondary
response is the minimum increase within 30 seconds and sustainable for 30
minutes. Besides, High frequency response is the minimum decrease within
10 seconds and sustained thereafter [13].

Furthermore, Table 1.3 and Fig. 1.5(a) show the low-voltage ride-through
(LVRT) requirements for offshore transmission systems in UK Grid Codes.
It requires that generation units should remain connection with the grid for
at least a certain time during grid voltage fault [14]. Besides, Fig. 1.5(b)
shows a minimum requirement of the reactive current injection for converter-
based plants. It requires that the converter should inject reactive current
fastly during the grid fault [15]. However, as the penetration of wind power
generation rises, meeting above requirements becomes more challenging [16].

1.1.2 Development of Wind Turbine Generation Systems

Because of the predicted exhaustion of fossil-based resources and global
warming issues, wind energy generation will grow year by year in the power
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system. The development of wind turbine (WT) technology has lasted more
than 40 years. In 1990s, the WT generation systems were mostly employed by
fixed speed WT generators [17]. However, their wind energy capture ability
is relatively low and can only provide limited service for the power grid [18].
After 2000, variable-speed WT generators with power converters were widely
used in global markets, because they have higher wind energy capture abil-
ity, efficiency, and they could be better integrated into the power grid [19]. At
present, the WT generators can be divided into the following four types.

Type-1 wind generators are squirrel cage induction generators driven by
fixed-speed WTs. Fixed-speed WTs are the most general utility-scale WTs in
operation. The WTs operate with tiny variations of the rotor speed. They
employ squirrel-cage induction generators connected to the grid directly. Al-
though they are relatively robust and reliable, this technology has low wind
energy capture ability and it lacks power controllability [20,21].

Type-2 wind generators are induction generators with variable external
rotor resistance driven by variable-speed, pitch-regulated WTs. The variable-
speed WTs can work at a wider range of the rotor speed. Power control and
speed control allow these WTs to obtain more energy than fixed-speed WTs.
Nevertheless, the slip power on the rotor resistance is lost as heat [21].

Type-3 wind generators are doubly-fed induction generators (DFIGs) with
partial-scale converters, driven by variable-speed, pitch-regulated WTs. DFIG
turbines are controlled by a back-to-back converter on the rotor side [21]. Flux
vector or voltage vector control allows decoupled reacitve and active power
and maximum power point tracking (MPPT) [22,23]. Because the converter
just handles the power on the rotor side, only partial power is enough for the
converter, which can reduce the cost of the overall system.

Type-4 wind generators are synchronous or asynchronous (induction)
generators with full-scale converter interfaces, driven by variable-speed and
pitch-regulated WTs. In Type-4 WT generators, a back-to-back converter con-
nects the WT and grid [24,25]. The WTs can be equipped with synchronous
or asynchronous generators [26]. Compared with asynchronous generators,
permanent magnet synchronous generators (PMSGs) have higher efficiency.
Besides, the gear box can be eliminated by using the direct-drive PMSGs [27].

Compared with Type-1 and Type-2 WT generators, Type-3 and Type-4 WT
generators have higher energy capture ability and controllability. Hence, they
have become major commercial wind generators on the market, which are
widely used by global WT manufacturers, such as Vestas, General Electric,
Siemens Gamesa, and Goldwind [19]. Wind power plants including Type-4
or Type-3 wind generators are presented in Fig. 1.6, where Type-3 wind gen-
erators include a rotor-side converter (RSC) and a grid-side converter (GSC),
while Type-4 wind generators include a machine-side converter (MSC) and
a GSC. As shown in Fig. 1.6, either the grid-following control or the grid-
forming control can be applied to Type-4 and Type-3 wind generators. Since
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Fig. 1.6: Type-4 or Type-3 wind generation system in a wind power plant with two possible
control approaches.

the grid-following /forming control scheme on Type-4 and Type-3 generators
are similar, they do not need to be differentiated especially. The general
grid-following control scheme and the grid-forming control scheme will be
discussed in the following sections.

1.1.3 State-of-the-Art of Grid-Following Inverter

Grid-following (GFL) control scheme is the most common applied control
schemes of WT generators. The general GFL control scheme on the GSC of
a Type-4 wind generator is presented in Fig. 1.7, where a PLL is utilized to
estimate the phase of the voltage at the point of common coupling (PCC) to
keep synchronization with the grid. Besides, the d-axis and g-axis current
components are regulated by using vector current control, which makes the
output reactive and active power to be controlled accordingly.

Since the GFL control approach relies on the estimated phase of the PCC
voltage, it works well in strong grids, where the PCC voltage is stable and
unchangeable. However, in weak grid cases, a higher power flow from the
converter to the grid leads to more severe voltage variations at the PCC due to
the large transmission impedance, which may challenge the voltage stability.
To study the instability issues of the GFL converter, many modeling and
control methods have been proposed in the existing research [28-36].
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Fig. 1.7: General control scheme of a grid-following converter.

To study the stability issues, the time-domain state-space model [28] and
the frequency-domain impedance model [29] are two common methods. Com-
pared with the state-space model, the impedance model is easier for modu-
lar modeling and analysis [30], and it has obvious advantages for analyzing
the "black-box" system [31]. Hence, the impedance model has attracted a
lot of research attention. Initially, the impedance analysis method was used
for dc systems [32]. In the recent 20 years, the impedance analysis method
has been gradually applied to ac systems. In 2011, an impedance stabil-
ity criterion for inverters was proposed in [32], which reveals the equiva-
lent relationship between the impedance stability criterion and the Nyquist
stability criterion. Then, real-value d-q impedance models and complex-
value sequence impedance models were investigated [33-35], which showed
impedance characteristics in different reference frames. Besides, single-input
single-output (SISO) stability analyzing approaches for the multiple-input
multiple-output (MIMO) system were proposed in [36], which makes the
Bode diagram method available for stability analysis.

Moreover, to analyze the instability mechanism of GFL converter systems,
some researchers neglect outer power control loops and just consider inner
current control loops [37], while other researchers just study outer power
control loops [38]. Nevertheless, to obtain more precise analysis data, all the
control loops need to be included. In [39], the bandwidth interactions of all
the control loops are analyzed thoroughly, but just two factors are studied
each time. Hence, the relationship among bandwidths of the four control
loops is still unclear. In [40], the impedance characteristics of the four ele-
ments in the 2x2 matrix are presented in Bode diagrams, which show that
the g—q negative resistance is the potential reason for instability.

Furthermore, in order to mitigate the aforementioned instability prob-
lems, some stability-enhanced GFL control methods have been proposed. For
example, a simple stability-enhanced method by reducing the bandwidth of
the PLL was proposed in [40], which can weaken the negative resistance of
GFL converters. However, the drawback of this method is that the dynamic

10



1.1. Background

' Outer loop Inner loop (optional) ! 1§ Wind ;

HON S Active | {Energy!

E;—,h power _—”:(‘dc

T’ control \r'o!Fage ' ; de ) PCC Grid
—=—>Reactive current) € i3] i Vo] Zq

0 4 U SPWMES SE & e ﬂ-/#@
—=— power vector e Ly L.,

L9 | control control I ’ ;|;(/ Load

Ly S 1 GSC

i p i v

o L&O1p&q Calculation
— Grid-forming (GFM) control | ’
Fig. 1.8: General control scheme of a grid-forming converter.

performance of PLL is deteriorated. Besides, an H-infinity tuning method
was proposed in [41], which can optimize the control parameters to enhance
the stability. However, the internal control law of this method is too compli-
cated, which makes it hard to be applied in practice. In addition, an improved
control method with a symmetrical PLL was proposed in [42]. However, the
constant voltage amplitude reference in the symmetrical PLL might cause
control errors. Overall, existing improved GFL control methods still have
some limitations, which need further study to develop an improved method
with better performance.

1.1.4 State-of-the-Art of Grid-Forming Inverter

Since the converters with GFL control lack the voltage source characteristics,
making it difficult for island operation, an alternative control scheme called
"grid-forming" (GFM) control have attracted more attention in recent years.
The general GFM control scheme on the GSC of Type-4 wind generators is
presented in Fig. 1.8. With the GFM control scheme, the converter output
voltage phase and amplitude are controlled respectively. Thus, similar to
SGs, the converter voltage and the grid voltage can be synchronized by using
the power synchronization control [43]. In Fig. 1.8, the reactive and active
power controllers at the outer loop can be realized by different methods, such
as the virtual synchronous generator (VSG), droop, and proportional integral
(PI) control. Besides, the inner control loop is optional, which means that the
converter can still work without the inner control loop. However, with the
inner control loop, there are some extra benefits, such as more flexible virtual
impedance implementation, accurate current control, etc. Currently, all kinds
of GEM control schemes have been proposed in literature [43-50]. Among
them, droop or VSG-based dual-loop vector control approach seems more
attractive [51-53], where a virtual admittance or impedance is often utilized
to enhance the small-signal stability.

Although the above mentioned GFM control methods work well in nor-
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Table 1.4: Disadvantages and advantages of existing overcurrent protection approaches for grid
forming converters [J3].

No need of Smooth Robust Effective in Effective in
Methods grid fault transient to SCR grid voltage grid frequency

detection transition variation sag case drop case
Switching control modes [55] X X v v v
Adding virtual impedance [57] v X X v v
Tuning power reference [58] X v 4 4 X
Voltage-based feedforward [59] v v v v X
Power-based feedforward [60] v v v X v

mal grid cases, they may have troubles in abnormal grid cases. For example,
because power converters can just undertake a few percentage of overcurrent
(e.g., 20%) in steady state, the converters suffer from the risk of overcurrent
in the case of overload or grid fault, which might injure converters. To pro-
tect power converters against some extreme situations, such as line-tripping,
short circuit fault, heavy load connection and disconnection, extra overcur-
rent protection is essential [54].

To address the overcurrent problem of GFM converters, several possible
overcurrent protection solutions have been proposed in [55-60], which are
compared in Table 1.4. A first approach is switching control modes from the
GFM mode to the GFL mode during grid fault event [55]. Nevertheless, the
grid fault detection is essential for this approach. It raises the control com-
plexity. Moreover, during the fault recovery period, the integrator wind-up
problem might deteriorate transient performance [56]. A second approach is
introducing a virtual impedance between the grid and the converter. Thus,
the output current can be restricted [57]. Nevertheless, the effect of this ap-
proach is sensitive to the transmission impedance of the grid. Moreover, the
steady-state current is hard to be restricted at a predesigned value (e.g., 1
p-u.) during the grid fault period [58]. A third approach is tuning the power
reference based on the grid voltage in the fault period [58]. This approach
might be valid in grid voltage sag cases. Nevertheless, it does not work in
grid frequency drop cases. A fourth approach is adding a frequency feed-
forward based on the voltage, which introduces a feedforward term from the
g-axis voltage to the active power droop controller [59]. Nevertheless, this ap-
proach is just valid for the case of grid voltage sag, but not valid for the case
of grid frequency drop. Another approach is adding a frequency feedfor-
ward according to the active power, which builds a feedforward term to the
active power droop controller according to the power feedback [60]. How-
ever, this approach is just valid for the case of grid frequency drop, while it is
not valid for the grid voltage sag scenario. Overall, existing overcurrent pro-
tection methods of GFM converters still have some limitations, which need
further exploration to develop an improved method with better stability and
transient performance.
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1.2 Research Objectives and Limitations

To raise the performance of existing wind power generators, upgrading the
hardware is a possible solution, but the cost may be increased a lot. How-
ever, the control algorithm inside the controllers can be upgraded without
increasing too much cost. Hence, from a pure control algorithm perspective,
there are two possible ways to go to raise the performance of grid-connected
converters/wind generators. One way is to develop an improved GFL control
scheme based on the original GFL control scheme. The other way is utilizing
the GEM control scheme to replace the GFL control scheme. However, there
are some challenges in both two ways as discussed previously.

1.2.1 Research Questions

In order to make wind generation systems connected to weak grids still meet
voltage and frequency stability requirements in Grid Codes, this Ph.D. project
aims to invent improved control solutions to enhance stability of wind gen-
eration systems. The major research questions are listed as follows:

How do WT generators connected to weak grids still meet voltage and
frequency stability requirements specified in the Grid Codes?

* How to build small-signal models of GFL/GFM inverters, Type-4 and
Type-3 WT generators to analyze their stability?

* How do GFL inverters operate stably at the rated power under weak
grid conditions with low SCRs?

* How do GEFM inverters with current limitation operate stably under
large grid voltage and frequency disturbances?

¢ What is the potential control solution for Type-4 and Type-3 WT gener-
ators to operate stably in weak grids?

1.2.2 Research Objectives

To answer the aforementioned questions, the following research objectives of
this thesis are defined as follows:

* Analyzing the active power transfer ability of grid-connected con-
verter systems: The active power transfer ability of the grid-connected
converter system is very important to be analyzed in order to find its
stability limits. So, the maximum active power transfer ability of the
grid-connected converter system with different SCRs and ratios of the
grid resistance and inductance needs to be studied.
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Developing an improved GFL control strategy to extend the small-
signal stability range of GFL converters: The instability mechanism
of the typical GFL converter needs to be revealed clearly. Then, an
improved GFL control approach needs to be developed.

Small-signal modeling and stability analysis for GFM converters: The
small-signal model of GFM converters needs to be built to study its
small-signal stability. Then, the control parameters can be designed
properly according to the necessary stability margin.

Developing an effective overcurrent protection method for GFM con-
verters during large disturbances: The problem of the typical current
reference limiting approach for GFEM converters needs to be analyzed.
Then, an effective overcurrent protection method needs to be developed
to protect and stabilize GFM converters during large grid disturbances.

Modeling and impedance characteristic analysis for grid-connected
PMSG and DFIG systems: To study the small-signal stability of PMSG
and DFIG systems, small-signal impedance models of PMSG and DFIG
systems need to be built. Besides, the terminal impedance characteris-
tics of PMSG and DFIG systems with GFL and GFM control methods
should be compared.

Investigating the performance of paralleled wind generators at a larger
scale: The performance of paralleled connected wind generators with
GFL and GFM control schemes in a wind farm needs to be analyzed
and compared. Besides, a larger-scale high-power wind generation sys-
tem with GFL and GFM control schemes is worth being investigated.

1.2.3 Research Limitations

Considering that the actual wind power generation systems are very large
and complex, some assumptions and simplifications are necessary for this
study. So, several limitations of this thesis are summarized, as listed below:

* When studying the PMSG and DFIG-based WT generators, the rotor
speed of the generator is assumed to be constant, so the mechanical
dynamics of the WT are ignored.

For the power grid, only the symmetrical three-phase grid case is con-
sidered, while the asymmetrical cases (e.g., single-phase grid fault) have
not been studied. Besides, it is assumed that the grid voltage only in-
cludes sinusoidal voltage at the fundamental frequency, while the har-
monics in the grid are not included.
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* For the grid impedance, only the inductance-dominated case is consid-
ered, while the resistance-dominated case or the capacitance compen-
sation case has not been considered.

* Other auxiliary devices (e.g., energy storage systems, reactive power
compensators, etc) in the power system have not been considered.

¢ The experiments in this thesis are only carried out in a laboratory envi-
ronment, where the power and voltage levels are not as high as that in
the real power transmission system.

1.3 Thesis Outline

The research outcomes of this Ph.D. project are documented in this thesis
according to published articles. The overall thesis includes two parts: Report
and Selected Publications. Fig. 1.9 shows the structure of the thesis. The
selected publications for each chapter are also denoted. Notably, the articles
J2,73,]5, C4, C5, and C7 are included in the thesis for assessment, but C8 and
J6 are not included since they have not been finished at the current stage.

In the report, Chapter 1 gives an introduction about the research back-
ground, objectives, and hypothesis of the thesis. Based on the research ob-
jectives, the following five chapters investigate stability-enhanced control so-
lutions for GFL converters, GFM converters, PMSGs, DFIGs, and larger-scale
wind generation systems, respectively.

Chapter 2 focuses on small-signal voltage stability issues of GFL converters
connected to weak grids with low SCRs. Firstly, the instability mechanism of
the conventional GFL converter is revealed. Then, a new double-PLL-based
impedance reshaping control approach is put forward to extend the small-
signal stability range. Besides, a standard quantitative stability evaluation
method for GFL converters is also introduced.

Chapter 3 aims to study synchronization stability issues of GFM convert-
ers with overcurrent protection methods during large disturbances. Firstly,
the problem of the typical current reference limiting approach on GFM con-
verters is reviewed. Then, a new power-angle-based overcurrent protection
approach is proposed to make a stable equilibrium point existed after a large
grid disturbance.

Chapter 4 targets the control and impedance modeling of grid-connected
PMSGs. Initially, the dc voltage control schemes performed by the MSC and
GSC are compared. Then, impedance characteristics of GFL-PMSGs with
the machine-side dc voltage control and with an ideal dc voltage source are
compared. Afterwards, impedance characteristics of GFM-PMSGs with the
machine-side dc voltage control are investigated.
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Chapter 5 deals with the control and impedance modeling of grid-connected
DFIGs. Initially, a two-port-network-based decoupled impedance modeling
method for the DFIG system is introduced. Then, impedance characteris-
tics of GFL-DFIGs including dc-link voltage dynamics are analyzed. After-
wards, a virtual-admittance-based GFM control scheme is used on the RSC
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and impedance characteristics of GFM-DFIGs are investigated.

Chapter 6 studies paralleled wind generators at a larger scale. At first, two
paralleled WT generators with the proposed GFL/GFM control solutions in
strong and weak grid cases are analyzed. Then, a more realistic case of An-
holt Offshore Wind Power Plant with GFL/GFM wind generators is studied
to evaluate the effectiveness of the proposed control solutions.

Finally, Chapter 7 sums up the contributions of the thesis. Furthermore,
some interesting and significant research points that have not been covered
in this thesis are pointed out, which can be studied further in the future.

1.4 List of Publications

The outcomes of this project are published in the following publications,
some of which are selected in the thesis for assessment.

Journal Papers

J1. L. Huang, C. Wu, D. Zhou, and F. Blaabjerg, “Impact of grid strength and
impedance characteristics on the maximum power transfer capability of
grid-connected inverters,” Appl. Sci., vol. 11, no.9, pp. 1-15, May 2021.

J2. L. Huang, C. Wu, D. Zhou, and F. Blaabjerg, “A double-PLLs-based
impedance reshaping method for extending stability range of grid-following
inverter under weak grid,” IEEE Trans. Power Electron., vol. 37, no. 4, pp.
4091-4104, Apr. 2022. (Selected in the thesis for assessment)

J3. L. Huang, C. Wu, D. Zhou, and F. Blaabjerg, “A power-angle-based adap-
tive overcurrent protection scheme for grid-forming inverter under large
grid disturbances,” IEEE Trans. Ind. Electron., vol. 70, no. 6, pp. 5927-5936,
Jun. 2023. (Selected in the thesis for assessment)

J4. L. Huang, C. Wu, D. Zhou, L. Chen, D. Pagnani, and F. Blaabjerg, “Chal-
lenges and potential solutions of grid-forming converters applied to wind
power generation system — An overview,” Front. Energy Res., vol. 11, pp.
1-14, Jan. 2023.

J5. L. Huang, C. Wu, D. Zhou, and F. Blaabjerg, “Two-port-network-based
decoupled impedance modeling method of DFIG system and dc-link cou-
pling analysis,” Int. |. Electr. Power Energy Syst., Status: under review.
(Selected in the thesis for assessment)

J6. L. Huang, C. Wu, D. Zhou, and F. Blaabjerg, “Performance evaluation of
the power system with mixed grid-following and grid-forming convert-
ers,” Status: to be submitted to IEEE Trans. Smart Grid.
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Fig. 1.10: Experimental setup utilized in this thesis.

Table 1.5: Main parameters of experimental setup.

Parameters Values
Grid phase voltage (peak value), Vg 50V (1pu)
Grid frequency, fq 50 Hz
Output dc voltage of rectifier, V. 600 V
Rated apparent power of inverter, Sy 800 VA (1 p.u.)
Rated active power of inverter, Py 800 W (1 p.u.)

Rated phase voltage of inverter (peak value), Vy 50 V (1 p.u.)
Rated /maximum output current of inverter, [,  10.6 A (1 p.u.)
Swiching frequency of inverter, fq, 10 kHz
Sampling frequency, fs 10 kHz

1.5 Experimental Setup Utilized in This Thesis

The experimental results shown in this thesis are acquired by using the setup
presented in Fig. 1.10. The overall system can be separated into three parts: 1)
The grid-side subsystem (including a grid simulator and grid inductors); 2)
The converter-side subsystem (including a back-to-back converter and L-C fil-
ters); 3) The control system (including a dSPACE system with A/D and D/A
boards). Specifically, in the grid-side subsystem, a grid simulator (Chroma
61845) and larger/smaller inductors Lg are used to build a weak/strong
grid condition. In the converter-side subsystem, a rectifier (Yaskawa D1000)
is responsible to provide a constant dc voltage, while an inverter (Danfoss
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FC103P11KT11) with the L-C filters works as a GFL or GFM inverter to inject
power into the grid. Besides, dSPACE system (i.e., DS1007 dSPACE plat-
form, DS2101 D/ A board, DS2004 A/D board, and DS5101 output board) is
used to implement different control algorithms. Moreover, the control com-
mand for the dSPACE system is generated by the computer and the output
waveforms are recorded by an oscilloscope. The detailed parameters of each
experimental case will be introduced in the corresponding chapters.
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Chapter 2

Modeling, Stability Analysis,
and Control of GFL Inverter

Considering that the GFL inverter scheme is a mainstream scheme in existing
wind power generation systems, this chapter will provide a detailed analysis
for GFL inverters, from small-signal modeling, stability analysis, to finding
an improved control solution. With the proposed solution, voltage stability
issues of GFL inverters in weak grid cases can be addressed. Finally, simula-
tion and experimental results will be given at the end of the chapter.

2.1 Static Power Limit of Grid-Connected Inverter

As the penetration of wind power rises, the power grid will become weaker.
For the weak grid, the active power transfer capability of the inverter system
is limited. To study the power limitation problems, two aspects need to be
considered. Namely, when only considering steady-state algebraic equations
of the system, the power transfer capability is restricted by the "static power
limit" [61], because there will be no solution to the algebraic equations if the
power is beyond the "static power limit". Aside from this, when consider-
ing dynamic differential equations of the system, the small-signal model and
the corresponding small-signal stability boundary can be obtained. Thus, the
power transfer capability is also limited by the stability boundary [J2], be-
cause the system will be unstable if the power is beyond the stability bound-
ary. Considering that the static power limit is an important indicator of the
system, it is discussed first in this section.

The configuration of typical wind power generation systems with full-
power converters is presented in Fig. 2.1, where all the generators are con-
nected at the point of common coupling (PCC). Generally, the ac/dc con-
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Fig. 2.1: Typical configuration of a grid-connected wind power plant. Source: [J1].
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Fig. 2.2: Equivalent circuit of the grid-connected wind power plant. Source: [J1].

verter works with the MPPT control, while the dc/ac converter is used for

grid connection. To simplify the analysis, the equivalent circuit of wind gen-

eration systems is presented in Fig. 2.2, where V;Z ¢, is the vector of the grid

voltage and I, Z¢; is the vector of the total inverter current. Assuming that

the PCC voltage vector is aligned to d-axis in the d-q frame, the PCC voltage

can be represented by Ve Z0.

To analyze the grid strength, the definition of the SCR is provided as:
SCR = 5s¢ _ Ve’ 12| 2.1)
SN Iinv(mted) ' Vpcc(rated)

where Sy is the apparent power of the wind power plant, Sgc is the short-
circuit apparent power at the PCC, V,..(;41e) is the rated PCC voltage, and
Lino(rated) 18 the rated output current of the wind power plant.

Assuming that Vi, (,uteq) is equal to the grid voltage Vg, and Ly (rateq) is
equal to the maximum current I;;;, (4x), the grid impedance can be expressed
by the SCR according to (2.1), which is expressed as:

V.
Zg| = /X2 +R2 = 5 2.2)
‘ g| g 8 SCR- Iinv(max)

Besides, according to Fig. 2.2, the expression of the inverter current in the
wind power plant and the grid voltage can be deduced as:

VipeeZ0 = VoL o + (Rg + jXg) - Linp L i (2.3)
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Fig. 2.3: Voltage vector diagram of grid-connected inverter system shown in Fig. 2.2 when the
current limitation is considered. Source: [J1].

Moreover, the vector I, Z¢@; in (2.3) can be represented by the d-component
"ig = Iiny - cos(¢@;)" and the g-component "iy = I, - sin(¢;)". Take "Vpee = V5",
then (2.3) can be deduced as:

(Xg% + Rg?) - (ig% +ig%) + 2Vg(Xgiq — Rgig) =0 (2.4)

2.1.1 Case 1: with Current Limitation

In practice, the maximum output current of inverters should be limited within
the rated range. Thus, considering the output current limitation of the in-
verter, the vector diagram of the system is illustrated in Fig. 2.3, where the
red and black dotted curves are the possible trajectories of the vectors [;,, Z¢;
and V;Z¢y, respectively. When the inverter current is equal to Ij(;ay), the
d-component current component can be presented as:
ig = Iinv(max)z - iqZ (2.5)
By substituting (2.5) into (2.4), a standardized quadratic equation of i; can
be deduced as:

# ¥ 2+ M . Iim/(max)4 . R(‘gzlz'm;(mux)2 -0 (2 6)
Rgz +Xg2 q (Rgz +Xg2)Vg q 4Vg2 (Rgz +Xg2)2
Then, i; can be obtained by solving (2.6).
R 1 Iinv(mux)2 Xgll'ml(m“x)z 2.7
lg = Reliny(max) Rg2 +Xg2 - 4Vg2 N ZVg @7

When substituting (2.2) and (2.7) into (2.5), the output power P in per unit
(p.u.) value is deduced as (2.8).
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Fig. 2.4: Maximum output power of grid-connected inverter when the current limitation is con-
sidered (Pjp(puay): inverter output power; Peyig(yax): Teceived power of the grid). Source: [J1].
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Moreover, according to (2.1) and (2.2), the lost power on the transmission

line can be calculated as:
Rg
Ploss(pu) = = o) g X (2.9)

SN Vg : Iinv(mux) SCR-/1+ Lqi
V Xg

Thus, based on (2.8) and (2.9), the received power of the grid is given as:

P,

grid(pu) — P;

ino(pu) — Ploss(pu) = (2.10)

Therefore, according to (2.8) and (2.10), the maximum output power of
grid-connected inverter with current limitation is illustrated in Fig. 2.4. It
shows that as the SCR increases or Ry/X, decreases, the maximum trans-
ferred power to the grid Pg,jj(y4y) Will increase. Namely, a larger SCR and a
smaller Rg / Xg are better for the power transmission.

Notably, the inverter output power Py, (,y) increases as the SCR de-
creases in the resistive grid case (Ry/Xg > 1), since much reactive power
need to be provided to keep the PCC voltage as same as the rated value.
However, it is not economical to do so. Modifying the reference value of PCC
voltage slightly higher than the rated value may be a better solution [J1].
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Fig. 2.5: Ideal maximum output power of grid-connected inverter when the current limitation is
excluded. Source: [J1].

2.1.2 Case 2: without Current Limitation

When the current limitation of the inverter is utilized, both the output current
and power of the inverter are limited, which is not convenient for analyzing
the potential maximum power output capability of the inverter. Hence, an
ideal case without the current limit will be discussed as follows.
Substituting (2.1) into (2.4), the relationship between i; and i, is given by:

> 2-SCR . ., 2-SCR-(Rg/Xg) . B
T e |l — )| =0
(Rg/Xg)2 +1 (Rg/Xg)2+1

iq(vu)

(2.11)

Considering (2.11) as a quadratic expression of i,(,,), only when (2.12) is

fulfilled, (2.11) has solutions.
4-SCR? 8-SCR - (Rg/Xy)
2
(Rg/Xg)?+1 (Rg/Xg)2+1

pu

A:

gy — 4 dgpuy” =0 (212)

According to (2.12), the maximum value of iy, is derived as (2.13).
Moreover, since the amplitude of PCC voltage is treated to be equal to the
rated value, the p.u. values of iy and Pj,, are the same. So, the ideal maxi-
mum output power of the inverter is able to be derived as:

inv(pu)(max pu)(max
(Rg/Xg)2 +1

+1| -SCR (2.13)
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Fig. 2.6: Relationship of the static power limit and SCR with R¢ /X, ~ 0. Source: [J2].

Therefore, the relationship of the SCR and the ideal maximum output
power Py (nay) With different Rg/ X, is presented in Fig. 2.5. It shows that
the relationship of Pj,;(.y) and the SCR is linear. For the inductive case
(Rg/Xg =0), SCR =1 is a critical point since the maximum power Py, (x)
is smaller than 1 p.u. when the SCR is smaller than 1. So, the maximum
output power of grid-connected inverters is limited naturally in the case of
weak grid. This maximum output power of grid-connected inverters is called
"static power limit" in [61].

Based on the above analysis, the maximum power output capability of the
inverter in the inductive grid case (Ry/ X, =~ 0) is illustrated by the red line
in Fig. 2.6. Obviously, the active power output capability of inverters is re-
stricted by the "static power limit" in weak grids with SCR < 1. Nevertheless,
when the dynamic power limit is considered, the power limitation problem
will become worse, which will be explained in the following section.

2.2 Dynamic Power Limit of GFL Inverter

Aside from the static power limit, the dynamic power limit can also restrict
the power output ability of inverters. The dynamic power limit is named
from [J2], which stands for the small-signal stability boundary of the system.
This section will discuss the dynamic power limit of GFL inverters.

The system and control diagram of the conventional GFL inverter system
is presented in Fig. 2.7, where V.Z0. is the terminal voltage of the converter,
Vo /0, is the PCC voltage, and V,/0, is the grid voltage. Besides, Ly and
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Fig. 2.7: Grid-connected inverter with conventional GFL control scheme. Source: [J2].

Ry are grid inductance and resistance. Cy and Ly are filter capacitance and
inductance. To avoid the ac-side low-frequency passive resonance, the filter
capacitance Cy can be designed as small as possible.

The control scheme presented in Fig. 2.7 includes an inner current control
loop and an outer reactive/active power control loop. Since the PCC voltage
needs support in weak grids, the ac voltage amplitude is chosen as the control
target rather than the reactive power. Besides, the whole control scheme is
carried out in the d-q frame. And it is synchronized with the grid voltage at
the PCC.

2.21 Small-Signal Modeling of GFL Inverter

To study the stability of the inverter system, the linearized small-signal model
is a useful tool. Specifically, the system is able to be linearized at an operating
point. Thus, it is easier to use mature linear methods to analyze the stability.

Notably, in the thesis, the subscript ‘o" represents a steady-state operation
point. Besides, ‘A’ represents a small-signal perturbation.
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Table 2.1: Comparison of state-space model and impedance model. Source: [C2]

Methods State-space model Impedance model
Universality High Medium [32]
Availability for black-box system No Yes [62]
Visualization of internal structure Medium High [30]
Scalability for larger scale system Medium High [63]

Converter-side Y(s) €— : —» Zy(s) Grid-side

: Avgaq=0

r--"T"-T=-=7 ====-=----"
1 Converter-side . Grid-side 1
[} Aln‘lq

' ——{

! >

| Zys)

Alsaq AVgaq

e

Fig. 2.8: Small-signal d-q impedance model and equivalent circuit of GFL inverter. Source: [J2].

The state-space model in time-domain and impedance model in frequency-
domain are two widely used small-signal models. In [C2], two models” sim-
ilarities and differences are compared. It is found that these two models
can predict the same stability boundary of the GFL inverter. However, they
have different advantages. As shown in Table 2.1, the impedance model has
the advantages of high visualization, high scalability, and availability for the
"black-box" system without internal information. Therefore, the impedance
model will be used more in the thesis to investigate the small-signal stability.
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Fig. 2.9: Flowchart for seeking the stability boundary of the inverter system. Source: [J2].

The small-signal impedance model of the GFL inverter system is pre-
sented in Fig. 2.8. The superscript “““I” represents control d-q frame. The
symbol B represents a 2x2 matrix (See [J2] for detailed expressions). As
shown in Fig. 2.8, the system is able to be separated into two subsystems.
Namely, the grid-side subsystem is represented by a voltage source connect-
ing to an impedance Zg(s), and the converter-side subsystem is modeled by
a current source paralleled with an admittance Y(s). Thus, the converter
output current can be derived as:

1

T4 Y(s) - Zg(s) @14

Aicdq = [Aisdq — Y(S) . Angq}

Based on the internal structure of the impedance model in Fig. 2.8, the
equivalent impedance and admittance can be deduced as:

Zg(s) = (Bes+Brg ') ' &~ Big (2.15)

Y(s) =[Bpr1 — Baecpt + Bis + BpriBprpyBLprBy] !
- [I— (Bprr — Bdecpt + BpriBprpvBLprBy)
“Bpiie — Bpu-ve + BpriBprpvBrprBi
(I = Bppvo)]

(2.16)
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According to generalized Nyquist (GN) stability criterion, Y(s) - Zg(s) in
(2.14) can be used for stability analysis [39]. The flowchart to find the stability
boundary is presented in Fig. 2.9. Firstly, given all control parameters and the
steady-state operating point, Y(s) - Zg(s) can be obtained based on (2.15) and
(2.16). Then, the GN diagrams of ¥Y(s) - Zg(s) can be plotted for analyzing
the stability of the system. Following the flowchart in Fig. 2.9, the stability
boundary of the grid-connected system is able to be sought.

For example, when the SCR is 1, the GN diagrams of Y(s) - Zg(s) at dif-
ferent steady-state working points are plotted in Fig. 2.10. As presented in
Fig. 2.10(a), when P is equal to 0.5 p.u., the point (-1, j0) is not encircled by the
GN curves. So, the system is stable. Differently, as presented in Fig. 2.10(c),
when P is equal to 0.6 p.u., the point (-1, j0) is encircled by the GN curves.
So, the system is not stable. Besides, as illustrateted in Fig. 2.10(b), when P
is equal to 0.55 p.u., the point (-1, j0) is on the GN curves. Thus, the stabil-
ity boundary can be sought, that is 0.55 p.u. With this method, the stability
boundaries when the SCR is equal to 2 and 3 can also be found, which are
1.65 p.u. and 2.75 p.u. Then, the dynamic power limit can be plotted.
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Fig. 2.12: Relationship of the dynamic power limits and SCR with dissimilar PLL bandwidths.
Source: [J2].

2.2.2 Small-Signal Stability Boundary of GFL Inverter

According to stability analysis in Section 2.2.1, the relationship of dynamic
power limits and the SCR is presented in Fig. 2.11, where the static power
limit is also included. It shows that the static power limit is higher than all
dynamic power limits. So, the power output ability of the inverter is restricted
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by the dynamic power limit, particularly for weak grids with SCR < 1.5.

Since the dynamic power limit depends on the specific control schemes
and parameters, it can be improved when the control schemes and parame-
ters are well-designed. A simple stability-enhanced method by tuning the
PLL bandwidth has been introduced in [40]. The dynamic power limits
with dissimilar PLL bandwidths are presented in Fig. 2.12. Notably, wy is
the natural angular frequency of the PLL, that is proportional to the PLL
bandwidth. Fig. 2.12 shows that the dynamic power limit increases as wy de-
creases. Namely, a lower bandwidth of the PLL is beneficial for enhancing the
small-signal stability of GFL converters. Nevertheless, while the PLL band-
width is designed to be very low, its dynamic performance will be worsened.
So, a tradeoff between the dynamic performance and stability is necessary for
this approach. To solve this issue, another method by reshaping the output
impedance of converters could be a better choice [64].

2.3 Proposed Impedance Reshaping Method

For enhancing the small-signal stability of the GFL converter system while
not worsening the dynamic performance, an interesting impedance reshap-
ing method is proposed in [64]. The idea of this approach is to modify the
control structure in the impedance model to reshape the output impedance
characteristics. Following this idea, impedance reshaping approaches by
adding impedance controllers on the q—q channel have been proposed in [65]
and [66]. Nevertheless, the negative resistance on the d—q channel introduced
by the PLL has not been addressed. It might also cause instability. Therefore,
to extend the stability range to the greatest extent, the negative resistances on
both g—q and d—q channels introduced by the PLL should be addressed. A
new improved GFL control solution will be provided in this section.

To obtain more intuitive analysis results, suitable simplification is needed.
Assuming that the bandwidth of the inner current control loop is high enough
(i.e, w; = o0) and the filter resistance Ry is equal to 0, the admittance Y(s) in
(2.16) can be approximately derived as:

(17Gp) & Gpﬂ’(l*Gp)'Gp”
~ st—&-wi Lf Rd —Rq
Y(s) Wy (1=Gpn) | G (2.17)
7SXm sterl-Lf 7Rd

where R; = V,/(—icg0) > 0, Ry = Vo/icgo > 0, Xpy = Vo/Imax > 0, Gp =
wp/(s+wp), and Gy = (25wns + w?2) /(8% + 2Cwps + w?).

It can be seen from (2.17) that a negative resistance term G/ (=R;) on
the g—q channel and a negative resistance term [G, + (1 — Gp) - G|/ (—Ry)
on the d—q channel exist. Therefore, how to mitigate these negative resis-
tances will become the key research focus here.
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Fig. 2.13: Small-signal d-q impedance model with expected reshaped impedance. Source: [J2].

2.3.1 Initial Improved GFL Control Scheme

In fact, the negative resistances on q—q and d—q channels in (2.17) are caused
by the positive feedback in the small-signal impedance model (marked in
red) in Fig. 2.13 (Notably, Fig. 2.13 is completely equivalent to Fig. 2.8). To
mitigate the positive feedback, an additional negative feedback can be in-
troduced, which is marked by dotted line. Besides, to realize the expected
reshaped impedance in the actual control scheme, a few practical factors need
to be taken into account. Since the voltage Av(,dqCtrl can be measured instead
of Avyqq, the added transfer function is changed from Avodqd’f1 as input to
Aicomdq as output. It has been highlighted in green in Fig. 2.13. Thus, the
expression of the compensating term Aicomaq can be deduced by:

[ Aicomd Avoddrl ]

. 2.1
Alcomq Avoqctrl ( 8)

] = —Bpite - (T—Bpive) - [

By substituting the expressions of By and Bppy, (See [J2]) into (2.18),
it can be derived as:

. 1 .
Alcomad AvoﬂCtr K; pity 1 Leq0
; = - (K = C— A 2.19
|: Alc:omq Vo ( ppil T 5 ) s ~1edo ( )

To implement the reshaped small-signal impedance in the actual control
scheme, the reference values of the current in the control scheme presented
in Fig. 2.7 can be utilized for representing steady-state currents iz9 and i
in (2.19). Thus, according to (2.19), an initial improved GFL control solution
is shown in Fig. 2.14, where two current compensating terms and an integral
term marked in green are added.
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Fig. 2.15: Impedance characteristics of reshaped and original Yy, (s) and Yy,(s) in the case of P
= 0.6 p.u. and SCR =1 () Y;4(5); (b) Yq(s). Source: [J2].

According to the proposed initial improved GFL control solution pre-
sented in Fig. 2.14, the small-signal model can be built once more. Then,
the reshaped output admittance of the converter Y(s) can be deduced (See
[J2]). Fig. 2.15 shows the characteristics of the orignal impedance Y(s) and the
reshaped impedance Y, (s), where a steady-state operation point with SCR =
1 and P = 0.6 p.u. are used as an example. Fig. 2.15 shows that Yy,(s) has
been reshaped from negative resistances to positive resistances in the range
from 27 Hz to 44 Hz. In addition, Yy, (s) has been reshaped from the negative
resistances to positive resistances in the range from 16 Hz to 89 Hz. Further-
more, the amplitude of Yy, (s) is decreased more than 20 dB, so the couplings
between the g-axis and d-axis can be mitigated too.

To observe the achievement of the proposed control solution regarding the
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Fig. 2.17: Relationship between dynamic power limits and SCRs with dissimilar PLL bandwidths
by applying the proposed initial improved solution. Source: [J2].

stability, the GN criterion is utilized once more. The GN diagrams of Y,(s) -
Zg(s) in the case of SCR = 1 are plotted in Fig. 2.16. Comparing Fig. 2.16(a)
with Fig. 2.10(c), it shows that while P is 0.6 p.u., the unstable system has
been modified to be a stable system with the proposed control solution. In
addition, as presented in Fig. 2.16(b), when the active power is raised to 0.9
p-u., the system is also kept stable. Therefore, the stability range can be
extended by the proposed control solution.

Based on the Nyquist stability analysis by using Y:(s) - Zg(s), the small-
signal stability bounary (dynamic power limit) of the proposed control solu-

35



Chapter 2. Modeling, Stability Analysis, and Control of GFL Inverter

IV

Opir2

Bpint

Main PLL

Fig. 2.18: Proposed further improved GFL control solution. Source: [J2].

tion can be found. The relationship between the SCR and dynamic power lim-
its with dissimilar PLL bandwidths by applying proposed initial improved
solution are presented in Fig. 2.17. It indicates that the bandwidth of PLL
has tiny impact on the dynamic power limit. In this case, all dynamic power
limits are near the static power limit. Consequently, the power output ability
of GFL inverters can be improved.

2.3.2 Further Improved GFL Control Scheme

Even though the proposed initial improved control solution is able to enlarge
the stability range of the grid-connected system, it just works in an ideal case
where the angular frequency of the grid is invariable and equal to the nom-
inal value wy. Nevertheless, such an ideal case may not be met in practice.
In Fig. 2.14, when the angular frequency of the grid is not as same as wy,
wyy is not equal to wy. Thus, ws is not equal to zero in steady-state. While
wy is higher than zero, § will continuously rise because of the integrator, and
vice versa. Ultimately, the system will be out of control. To solve this issue,
an additional auxiliary PLL is added to estimate the grid frequency, which
can generate a frequency feedforward term. Hence, the proposed further
improved solution is presented in Fig. 2.18.

Notably, the major aim to introduce another PLL is to keep the feedfor-
ward frequency same as the grid frequency in steady-state. So, w1 is equal
to wyip, and ws is equal to zero, which leads to a constant §. Hence, the
bandwidth of the auxiliary PLL needs to be designed much lower than that
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Fig. 2.19: Simulation results of GFL inverters in the case of SCR = 1. (a) Using conventional GFL
control scheme; (b) Using proposed improved GFL control scheme. Source: [J2].

of the main PLL (e.g., 1/10).

To demonstrate the effectiveness of the proposed solution, an 800 W GFL
inverter model is built in MATLAB/Simulink (See [J2] for detailed parame-
ters). The simulation results of conventional GFL control approach and pro-
posed improved GFL control method are illustrated in Fig. 2.19(a) and (b). As
shown in Fig. 2.19(a), with the conventional GFL control approach, the oscil-
lation of the PCC voltage appears while the active power is near 0.6 p.u. Then,
the PCC voltage is out of control. Differently, as presented in Fig. 2.19(b), the
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Fig. 2.20: Comparison of two GFL control schemes with w, = 200 rad/s in the case of grid
frequency variation. (a) Conventional GFL control scheme; (b) Proposed improved GFL control
solution. Source: [J2].

PCC voltage is under control by using the proposed improved GFL control
scheme. Notably, the GFL inverter is also kept stable while the active power
increases to 0.9 p.u. The simulation results are persistent to the theoretical
analysis results presented in Fig. 2.10(c) and Fig. 2.16(b).

To show that the frequency response of the PLL is not slowed down by
the proposed improved double-PLL-based control solution, simulation re-
sults of the conventional and proposed GFL control schemes are presented
in Fig. 2.20 for comparison. It indicates that the rise time ¢, in Fig. 2.20(a) is
generally same as the rise time ¢,; in Fig. 2.20(b) while the grid frequency is
stepped to 50.5 Hz.

Moreover, the experiment is carried out to validate the effect of the pro-
posed improved GFL control solution, where the experimental parameters
are as same as that used in simulation (See [J2] for detailed parameters). As
shown in Fig. 1.10 in Section 1, the Danfoss FC103P11KT11 is used to imple-
ment a grid-connected inverter, and the dSPACE1007 is used to implement
the control algorithms. Besides, a grid simulator (Chroma 61845) and induc-
tors (Lg) are used to achieve a strong/weak grid condition. The experimental
outcomes of the conventional and proposed GFL control schemes are illus-
trated in Fig. 2.21(a) and (b).

Fig. 2.21(a) shows that when the power P is raised to 0.6 p.u., the GFL
inverter system is unstable by using the conventional GFL control scheme.
However, as presented in Fig. 2.21(b), the GFL inverter system is stable by
using the proposed improved GFL control solution. Besides, when the power
P reaches 0.9 p.u., the GFL inverter system is still stable. These experimental
results match the simulation results presented in Fig. 2.19(a) and (b) well.
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Fig. 2.21: Experimental results of GFL inverter in the case of SCR = 1. (a) Using conventional
GFL control method; (b) Using proposed improved GFL control method in Fig. 2.18 (CH4: PCC
voltage amplitude; CH3: active power; CH2: grid phase current; CH1: phase-to-phase voltage at
the PCC). Source: [J2].

24 Summary

This chapter has provided a comprehensive discussion of modeling and small-
signal stability analysis of GFL inverters. At first, a small-signal stability eval-
uation approach through comparing the static power limit and the dynamic
power limit is introduced, which is beneficial for analyzing the small-signal
stability quantitatively. It is found that the power output ability of conven-
tional GFL inverters is restricted by the dynamic power limit under weak grid
conditions, perticularly in the case of "SCR < 1.5". To extend the dynamic
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power limit, an initial impedance reshaping approach has been proposed. It
can mitigate the positive feedback in the small-signal impedance model of
GFL inverters. Then, a corresponding improved GFL control scheme is also
proposed to implement the expected reshaped impedance in the actual con-
trol scheme. With the proposed improved GFL control scheme, the dynamic
power limit of GFL inverters can be extended close to the static power limit no
matter the bandwidth of the PLL is larger or smaller. Thus, the voltage insta-
bility issue of conventional GFL inverters connected to weak grids is solved.
Finally, simulations and experiments have demonstrated the effectiveness of
the proposed improved GFL control solution.
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Chapter 3

Modeling, Stability Analysis,
and Control of GFM Inverter

In the future power system, only having GFL inverters may not be enough,
since GFM inverters are necessary for the island operation and the frequency
support. This chapter will provide a detailed analysis for GFM inverters,
from small-signal stability analysis in normal grid cases, large-signal stability
analysis in abnormal grid cases, to finding an improved control solution.
With the proposed solution, "rotor angle" stability issues of GFM inverters
under large grid disturbances can be addressed. Eventually, simulation and
experimental results will be given at the end of the chapter.

3.1 Comparative Study of GFM Inverters

Although the GFL inverter scheme is a mainstream scheme in existing wind
power generation systems, it has challenges to provide frequency support
and to operate in island conditions. Therefore, another type of inverter called
"grid-forming (GFM)" inverter attracts more interest recently. Because GFM
inverters can support the grid frequency and operate in island conditions,
they are considered to be promising solutions for the future power system
[67,68]. Until now, all kinds of GFM control approaches have been proposed
in existing literature [69]. Considering that existing GFM control schemes
have not been unified or standardized yet, the difference among different
GEM control schemes will be discussed initially in this section.

Currently, alternative GFM control schemes and concepts have been pre-
sented, such as power synchronization (PS) control, virtual synchronous gen-
erator (VSG), synchronous power control, synchronverter, virtual synchronous
machine (VSM), etc. They comply with the same PS control law. So, a gen-
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Fig. 3.1: Three typical GFM control schemes and their equivalent circuits. (a) Typical dual-inner-
loop control approach; (b) Virtual impedance control approach; (c) Virtual admittance control
approach. Source: [C5].

eral GFM control structure has been summarized in [43] and [J4], as shown in
Fig. 1.8. According to whether including inner control loops or not, GFM con-
trol methods can be classified into two categories: single-loop control scheme
and multiple-loop control scheme [70]. Relatively, the single-loop GFM con-
trol scheme without inner control loops is simpler and more robust. Never-
theless, the multiple-loop GFM control scheme with inner control loops has
some extra advantages, such as more flexible virtual impedance implementa-
tion and accurate current control. Moreover, having the inner current control
loop is advantageous for adding output current limits to avoid overcurrent of
converters under large grid disturbances [J3]. Therefore, multiple-loop GFM
control approaches will be mainly discussed in this thesis.

In terms of multiple-loop GFM control schemes, three typical schemes
have been widely reported in literature, which are the typical dual-inner-loop
control approach [52], [71], the virtual impedance control approach [72-74],
and the virtual admittance control approach [75], as presented in Fig. 3.1.

The dual-inner-loop GFM control approach is presented in Fig. 3.1(a),
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Fig. 3.2: Dominant eigenvalues of state-space models of three typical GFM control schemes.
(a) Conventional dual-inner-loop control method; (b) Virtual impedance method; (c) Virtual
admittance method. Source: [C5].

where Gy is the closed-loop transfer function of the inner voltage loop (See
[C4] for detailed control scheme). Since inner loops are usually controlled
much faster than the outer loop, the transfer function G, is approximately
equal to 1 when analyzing the outer power loop. Thus, the equivalent circuit
of this method can be represented by two voltage sources e* and vg connect-
ing through a grid inductance L,. The virtual impedance control approach is
presented in Fig. 3.1(b). Due to having a virtual impedance, the equivalent
circuit of this method can be represented by two voltage sources e* and vg
connecting through the inductances L, and L¢. The virtual admittance con-
trol approach is presented in Fig. 3.1(c), where G; is the closed-loop transfer
function of the inner current loop (See Fig. 3.3 for detailed control scheme).
Its equivalent circuit can be represented by two voltage sources e* and vg
connecting through the inductances L, and Lg.

To analyze the stability of these three methods, small-signal state-space
models of them are built in [C5]. According to the state-space models, the
dominant eigenvalues of these three methods with different SCRs are illus-
trated in Fig. 3.2. Fig. 3.2(a) shows that the system becomes unstable when
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the SCR is raised to 3. So, stability range of the dual-inner-loop GFM control
approach regarding the SCR can be considered as [1, 2]. Besides, Fig. 3.2(b)
shows that the system becomes unstable when the SCR is increased to 20.
Hence, the stability range of the virtual impedance approach can be treated
as [1, 19]. Moreover, Fig. 3.2(c) presents eigenvalues of GFM inverters with
the virtual admittance control. It shows that the eigenvalues go to left as
the SCR increases. So, the stability range of the virtual admittance approach
regarding the SCR can be considered to be [1, oo]. Overall, since the virtual
admittance scheme has wider stability range than other two schemes, the vir-
tual admittance scheme will be the research focus in the following sections.

3.2 Virtual-Admittance-Based GFM Inverter

As illustrated in Fig. 3.1(c), the virtual admittance consists of two parameters,
ie., the virtual inductance L, and virtual resistance R,. Alternatively, the
virtual admittance can also be expressed by the phase and the magnitude in
the complex-value form. Namely, Y, = [|Z,|Zarctan(X,/R,)]~!. The impact
of Ry /Xy and |Z,| on small-signal stability will be discussed as follows.

3.2.1 Small-Signal Modeling of GFM Inverter

The detailed control structure of virtual-admittance-based GFM control ap-
proach is presented in Fig. 3.3, where ““/""” represents the control d-q frame
[C4]. To analyze its small-signal stability, the state-space model will be built
as follows. Notably, ‘A’ represents a small-signal disturbance. According to
Fig. 3.1(c), small-signal differential expressions of Lg-C¢-Ly in the system d-q
frame can be deduced as:

{ Aveg — Avgg = ng;fjt + RyAigg — wiLgAigg -
Avcy — Avgq = Lg—7+ 1+ ReAig + wNLgAz
{ Aipg — Nigg = Cfd 5l — wnCrAvg, 52)
Aipg — Digg = Cp—+ 14+ wNCrAvcy
{ Aves* — Aoy = Lf Alw + RyAipg — wyLsAir, 63
Avey™ — Avgy = LfT + RpAirg + wNLfAipg

Small-signal expressions of coordinate transformations are given by (3.4)-
(3.7), where Af)s is the angle between control and system d-q frames [C4].

Adecm = Avgy + Ucq0 - Aeps (3.4)

Achcm = Ach — 0cdo * Agps '
Nigg®™ = Nigg +igq0 - Abps (35)
Ai ,ft’l Nigg — iggo - Abps '
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Fig. 3.3: Grid-connected inverter with virtual-admittance-based GFM control.

{ AZ'dem = Aipg +ipgo - Abps (3.6)

Nipg = Aipg —ipg0 - Abps ‘

{ Avgg* = Avcd*ctrl — Vg0 - Agps (37)
Ach* - Ach*Ctrl + deO . Aeps ’

Besides, the small-signal expressions of the current control loops are de-
duced as:

dAInt; : .

d1t1 dtT Aipg* — A‘lLdCtrl el o (3.8)
Aveg™ " = K,y jq(Dirg* — Bigg™") + Ki jgAIntyy — wnLeAig, ™
dAIntiq _ . . trl

T S A L (39
Aveg* T = Kqu(Aqu* - Aquc ™)+ Ki igAlnt;; + a)NLfAzLdC r

where "Int" denotes a variable related to the integral operation.
Small-signal expressions of the virtual admittance are presented as:
Lo 808 4 RyAipg* — wnLoBiry* = AE — Ao 510

dAip,* . .
Lo—3 + RoAirg* + wnLoAipg* =0 — Avg,
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Further, the small-signal expressions of reactive and active power are cal-
culated as:

) ) Av ctrl Ai ctrl
3 cd 3 d
AP = 3 gy g0 - { Ave, ! ] + 5[ vcao veqo |- { Az’;“” }
) ) Av dctrl Ai dctrl
AQU! =3[ —igg0 igao |- [ c +3[vcqp —veao 1| L F
2 [ &4 8 ] Achctrl 2 [ q ] Algqctrl
3.11)

In addition, small-signal expressions of the low-pass filters (LPFs) used
for active and reactive power are provided as:

dAP ctrl
{ SSLPE— 4 wppp - AP ppt™ = wppp - AP (3.12)

dA ctrl trl trl
Qe 4+ wppr - AQppr®™ = wipr - AQY

What is more, the small-signal expressions of P-f and Q-V droop control
can be organized as:

ANAO,g
{ Ms — Awps = my - (AP* — AP pgctr) (3.13)

AE = ng- (AQ* — AQrpr™)

According to (3.1)—(3.13), the state-space model of GFM inverters with a
virtual admittance can be deduced as:

AX(13x1) = Aax13) - DX(13x1) T B13xa) - Au(gxy) (3.14)

where AX(13X1) = [Aigd, Aigq, Avcy, AUCq, Aipg, Al'Lq, Alnt;y, All’ltiq, Nipg*, AiLq*,
APLPFCtrl, AGPS, AQLPFC“‘I}T and Au(4><1)=[Avgd/ Avgq, AP*, AQ*]

Since the small-signal stability only depends on the matrix A (13,13) (See
[C5] for detailed expression), it will be used for stability analysis.

3.2.2 Eigenvalue Analysis for GFM Inverter

Based on the matrix A (q3,13) in (3.14), the eigenvalues on the complex plane
are illustrated in Fig. 3.4. Fig. 3.4(a) shows that as the magnitude |Z,| in-
creases, the dominant eigenvalues move to left, so the small-signal stability
becomes better. Besides, Fig. 3.4(b) shows that the dominant eigenvalues
move to right when the ratio R,/ X, increases, so the small-signal stability
becomes worse. The critical stable points are found when |Z,| = 0.4 p.u. and
Ry /X, = 1.1. Therefore, a larger |Z,| and a smaller R,/ X, are advantageous
for enhancing small-signal stability. Specifically, when designing the virtual
admittance Y;, the parameter |Z,| should be higher than 0.4 p.u., while the
parameter Ry /X, should be lower than 1.1.

Moreover, the state-space model in initial start-up process without the
grid can also be built, which is simpler than the model in grid-connected
mode (the order of matrix A is reduced from 13 to 8). The eigenvalue anal-
ysis for GFM inverter in the initial start-up mode is presented in Fig. 3.5.
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Fig. 3.4: Eigenvalue analysis for GFM inverter with virtual admittance control in grid-connected
mode with SCR = 2. (a) Eigenvalue analysis with different |Z,|; (b) Eigenvalue analysis with
different R,/ X,. Source: [C5].

Fig. 3.5(a) shows that the critical stable value for |Z,| is 0.4 p.u., while Fig. 3.5(b)
shows that the critical stable value for R,/ Xy is 1.1. They agree with the re-
sults in Fig. 3.4. Thus, the small-signal models of GFM inverters in the initial
start-up and grid-connected modes have same dominant eigenvalues. Hence,
both the two models can be used to analyze the stability of GFM inverters.

3.2.3 Simplified SISO Stability Analysis Method

In the previous section, the state-space models of GFM inverters have been
built to analyze the small-signal stability. However, they are not convenient
to use, because the state-space models are relatively complicated. In this
section, a simple SISO stability analysis approach based on the impedance
model of GFM inverters will be introduced, which is easier to use.
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Fig. 3.5: Eigenvalue analysis for GFM inverter with virtual admittance control in initial start-up
mode with SCR = 2. (a) Eigenvalue analysis with different |Z,|; (b) Eigenvalue analysis with
different R,/ X,. Source: [C5].

Since time-domain and frequency-domain models are convertible equiva-
lently, the time-domain state-space model in (3.14) is able to be transformed
to the frequency-domain model in Fig. 3.6, where the model in grid-connected
mode is presented in Fig. 3.6(a), while the model in initial start-up mode is
shown in Fig. 3.6(b). As aforementioned, both the two models can be used
to analyze the stability. Thus, according to Fig. 3.6(b), the open-loop transfer
function (from Aegqq* to Avcgq) can be deduced as:

Toi(s) = By ™+ [(Brs + Bprt — Baecpt)Bee + I 71 - Bpig (3.15)

Furthermore, since all the matrixes B in (3.15) are symmetric (See [C4] for
detailed expressions), they can be transformed to the complex vector form.
Thus, the corresponding complex vector expression can be deduced as:
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Thus, the conventional SISO stability analysis method based on Bode di-
agrams can be utilized for stability analysis. According to the transfer func-
tion T, (s) in (3.16), the Bode diagrams of T, (s) are presented in Fig. 3.7.
Fig. 3.7(a) shows that the GFM inverter is unstable when |Z,| is lower than
0.4 p.u. Reversely, when |Z,| is higher than 0.4 p.u.,, it is stable. Hence, 0.4
p-u. can be treated as a critical stable value of |Z,|. Similary, the Bode di-
agrams in Fig. 3.7(b) indicate that the critical stable value of R, /X, is 1.1.
The outcomes shown in Fig. 3.7 agree well with that in Fig. 3.4 and Fig. 3.5.
Therefore, the SISO stability analysis method can be used for designing the
parameters |Z,| and R,/ Xy, which is easier and more convenient to use.

In order to validate the correctness of above analysis, a time-domain sim-
ulation model of virtual-admittance-based GFM converter is established in
MATLAB/Simulink. The simulation outcomes with various R,/ X, and |Z,|
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Fig. 3.7: Bode diagrams of the transfer function T, (s). (a) Phase magin with different |Z,|; (b)
Phase magin with different R,/ X,. Source: [C5].

are presented in Fig. 3.8 and Fig. 3.9, where a strong grid case (SCR = 30)
and a weak grid case (SCR = 1) are chosen to check the stability. Fig. 3.8
shows that when |Z,| is decreased from 0.5 p.u. to 0.3 p.u., the GFM inverter
becomes unstable. Later, when |Z,| is increased to 0.5 p.u., it is stable again.
Moreover, Fig. 3.9 shows that when R, /X, is raised from 0.1 to 1.2, the GFM
inverter becomes unstable. Later, when R, /X, is reduced to 0.1, it is stable
again. Obviously, the identical stability feature can be seen in both weak and
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Fig. 3.9: Simulation results of virtual-admittance-based GFM inverters (R, /X, changes between
0.1 and 1.2). (a) Weak grid case (SCR = 1); (b) Strong grid case (SCR = 30). Source: [C5].

strong grid cases. These simulation outcomes are consistent to the previous
analysis in Fig. 3.7. In addition, Fig. 3.8 and Fig. 3.9 show that when |Z,| and
Ry /Xy are well-designed, the GFM inverter with virtual admittance control
can be stablized within a wide range of the SCR. So, the small-signal stability
of GFM inverters is already acceptable, but they have instability problems
under large grid disturbances. It will be discussed in the next section.
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3.3 Proposed Overcurrent Protection Method

As discussed in the previous section, GFM inverters with virtual admittance
control show good small-signal stability when the control parameters are
well-designed. Hence, the small-signal stability of the GFM inverter with
virtual admittance control is acceptable in normal grid cases. However, the
overcurrent protection of GFM inverters under large disturbances is still a
challenge, because the typical current reference limitation approach tends
to be unstable during large voltage or frequency disturbances, and exist-
ing improved overcurrent protection methods have their own limitations [J3].
Therefore, an effecitve overcurrent protection method for GFM inverters need
to be developed, which will be discussed in this section.

3.3.1 Problems of Existing Overcurrent Protection Methods

To prevent the output current of the inverter from exceeding the rated value,
an additional current reference limiter is usually utilized. When the current
reference limiter is embedded in the GFM inverter, the overall schematic dia-
gram is presented in Fig. 3.10(a), where the subscripts “4;, 45, and 4.” denote
variables in dissimilar coordinate systems. Same as Fig. 3.1(c), the virtual
admittance control is used for the voltage control, and the PI control is used
for the current control. Besides, the typical Q-V and P-f droop control at
the outer loop are used to control the reactive and active power. To simplify
the analysis, the equivalent circuit is also provided in Fig. 3.10(b), where a
virtual inductance L, and a virtual resistance R, are included. Considering
Ry is relatively small, it is assumed to be 0 when analyzing the outer power
loop.

Firstly, to have better understanding for the instability problem resulted
from the current reference limitation approach on GFM inverters, the theo-
retical analysis in [54] and [76] is revisited. The current and voltage vector
diagrams of GFM inverters are presented in Fig. 3.11. ¢ is the angle between
iy and e*, while ¢ is the angle between vg and e*. Fig. 3.11(a) shows that when
the limiter is not saturated (under the normal condition), the output power
of GFM inverters is determined by the voltage vectors vg and e*. Thus, the
output power fulfills the P-6 equation (3.17) very well. Differently, as illus-
trated in Fig. 3.11(b), when the limiter is saturated (under the overcurrent
condition), GFM inverters is able to be treated as a current source with the
constant amplitude. In this case, the output power of GFM inverters depends
on the vectors vg and ir, which meets (3.18).

_3 % E

=3'%, 1 X, -sin(d) (3.17)

where V, and E* are the amplitudes of vectors vg and e*.
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Fig. 3.10: Configuration of typical droop-based GFM inverters with a current reference limiter.
(a) An existing GFM inverter control approach; (b) The equivalent circuit. Source: [J3].
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Fig. 3.11: Current and voltage vector diagrams of GFM inverters. (a) Unsaturated case of the
limiter; (b) Saturated case of the limiter. Source: [J3].

P= % Ve - Iinax - cos(d — ¢) (3.18)

Like [76], the angle ¢ in Fig. 3.11 is supposed to be tiny for the qualitative
analysis. So, based on (3.17) and (3.18), operation trajectories of GFM invert-
ers in the case of grid frequency drop are presented in Fig. 3.12. Fig. 3.12(a)
shows that the operation trajectory complies with the curve A-B-C-D when
there is no current limit. Supposing that the amplitude of the current gets its
maximum value I,y at point B. Thus, the steady-state operating point will
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Fig. 3.12: Theoretical trajectories of GFM inverters in the case of grid frequency drop. (a) Without
current limitation; (b) With current reference limitation; (c) With power angle limitation. Source:
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move from O; to O; when the frequency of the grid is reduced from f,; to
fo2. So, the output current amplitude is larger than I;;,;¢. Under this circum-
stance, the GFM inverter can operate stably. However, the output current is
beyond its rated range. To restrict the output current, a conventional way
is to restrict the reference value of the current controller. Fig. 3.12(b) shows
that the operation trajectory complies with the curve A-B-E-F when the cur-
rent reference limiter is used. In this case, there will be no equilibrium point
on the P-§ trajectory when the grid frequency is dropped from f,; to fyo.
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Fig. 3.13: Voltage vector diagrams of GFM inverters in the d-q frame. Source: [J3].
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Fig. 3.14: Proposed virtual power angle limitation approach. Source: [J3].

Obviously, the GFM inverter becomes unstable. To address such instability
issue, a novel idea is proposed. As illustrated in Fig. 3.12(c), when the grid
frequency is dropped to f,2, the output power is able to be restricted to P,y if
the power angle could be restricted to ;. So, the operation trajectory stay at
point B eventually. It means that point O,” is the ultimate stable equilibrium
point. The detailed control scheme of the proposed idea will be illustrated in
the following sections.

3.3.2 Proposed Initial Power-Angle Limiting Method

To achieve the proposed idea of power angle limitation shown in Fig. 3.12(c),
a few actual factors should be considered. The vector diagram of GFM invert-
ers with a virtual inductance is presented in Fig. 3.13. Since grid inductance
L¢ and the grid voltage vg are unknown generally, the actual power angle ¢ is
hard to be got. So, the power angle ¢ is not easy to be applied to implement
the power limitation directly. Nevertheless, a virtual power angle é, can be
got easily, which is equal to the difference of two angles 0s-6,;. Notably, s
is the phase of e*, output from the P-f droop controller. And 6,; is the phase
of Vpee. It is able to be got by a PLL [J2].

Therefore, the proposed power angle limitation approach is presented in
Fig. 3.14. It shows that the J,-limit block in Fig. 3.14 is transparent in the
normal case (i.e., 6," = §, and 65" = 0)5). However, in the overcurrent case,
dy" is equal to the limiting value &, ;).
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Fig. 3.15: Proposed overcurrent protection solution for GFM inverters. Source: [J3].

According to Fig. 3.13, the relationship between the virtual power angle
6y and active power P fulfills the P-0 equation presented in (3.19).

_ 3 Vpeo B

P
2 X,

-sin(6y) (3.19)

where Vj,.c and E * are the magnitude of the vectors vpc and e*.
Hence, the equation of the virtual power angle 6, can be deduced as:

P
by = i 2
v = arcsin <3/2 .E*. Vpcc/XU> (3.20)

In addition, based on the current and voltage vector diagrams in Fig. 3.13,
it shows that the relationship of the d-component current i;; and the power
P fulfills (3.21).

P=3/2-E" iy, (3.21)

Substituting (3.21) into (3.20), the equation of the virtual power angle is
able to be deduced as (3.22).

x
dy = arcsin (lmv) (3.22)
pcc

Consequently, the limiting value J,;;,,) can be derived as:

I g(1im) X
Sy (1im) = arcsin (W) (3.23)

where i1 4(j;,) is the limit of the d-axis current component.

In this thesis, the maximum current I,, of inverters is designed as 1
p-u. for analysis. Moreover, to remain a little reactive power output capability,
the limit of d-component current iy, is designed to be 0.9 p.u. Besides,
to ensure the amplitude of the output current is no more than Iy, the g-
component current could be restricted by i1, ;) in (3.24).
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iLq(lim) = \/ Imax* — izdz (3.24)

Based on the above analysis, the proposed overcurrent protection ap-
proach for GFM inverters is presented in Fig. 3.15, where the difference
between Fig. 3.10 and Fig. 3.15 is marked in green. In Fig. 3.15, the reac-
tive power seems not being restricted. Nevertheless, the reactive power is
restricted indirectly as long as 77, is limited.

Therefore, the output power and the current can be limited by the pro-
posed virtual power angle limiting approach in the frequency drop scenario.
Nevertheless, it may still be unstable in the grid voltage sag scenario, since
there will be no equilibrium point when the amplitude of grid voltage is very
low during the fault event. To make the proposed approach also effective in
the grid voltage sag scenario, the limiting value of the virtual power angle in
(3.23) should be redesigned []J3].

3.3.3 Proposed Improved Power-Angle Limiting Method

According to (3.19), the amplitude of grid voltage V; is proportional to the
active power P. So, while V, is decreased, P is also decreased. Thus, the
inverter might not have the ability to output enough power to the grid in
the grid voltage sag scenario. Therefore, suitable power reduction is needed,
because it can ensure the existence of a stable equilibrium point.

Theoretical trajectories of GFM inverters in the case of grid voltage sag are
presented in Fig. 3.16. Fig. 3.16(a) shows that while the amplitude of the grid
voltage is decreased from Vg to Vg1, the operation trajectory is altered from
A-B-C-D to A-B’-C’-D’. So, even though P can be restricted to Py;;,, there will
be no equilibrium point on A-B’-C’-D, since the maximum output power at
the point C’ is smaller than Py;;,,.

To solve the instability issue resulted from the grid voltage sag, modifying
the power limiting value based on the amplitude of grid voltage is a possible
way, such as "Pjiil" = Py - Vo(pu)" [58]. Fig. 3.16(b) shows that while the
limiting value of P is changed to Pjj;*, a new stable equilibrium point B’
appears after the grid voltage sag. Besides, it can be seen from (3.19), the
amplitude of the PCC voltage is also proportional to the active power P, so
the limiting value of P can be changed according to the PCC voltage, such as
"Pﬁfnw = Pliy, - Vpcc(p.u.)”'

Furthermore, since the d-axis current component ij; is also proportional
to P according to (3.21), changing the d-axis current limitation is equivalent
to changing the active power limitation. So, the limiting value i} 4(;;,) is able
to be redesigned as: new )

lLd(lim) = Vpcc(p.u.) “ULd(lim) (3.25)

Thus, the limiting value of the virtual power angle in (3.23) is able to be
redesigned as:
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Fig. 3.16: Theoretical trajectories of GFM inverters in the case of grid voltage sag. (a) Initial
power limitation approach; (b) Improved power limitation approach. Source: [J3].

V. Arattim) © X
Zfl?fm) = arcsin( pec(p.u) " Ld(lim) U) (3.26)
Vpcc
So, based on the equation "V,,c.(..) = Vpec/ VN", (3.26) can be rewritten as:
. (iLd(im) - Xo
Zfﬁ’m) = arcsin (VN (3.27)

Notably, in (3.27), i 4y is the limiting value of d-component current, Xy
is the virtual inductance, and Vy is the rated voltage. All these three parame-
ters are constant. So, (5’;(elzfm) is also constant, which does not need to be tuned
in any case. It is worth mentioning that although (5;’(%”) is invariable, P/’
can be adaptive to the variation of grid voltage, as illustrated in Fig. 3.16(b).
Hence, this proposed approach does not need grid fault detection [J3].

To validate the effectiveness of proposed overcurrent protection method,
an 800 W GFM inverter model is built in MATLAB/Simulink (See [J3] for the
detailed parameters). The simulation results with different current limita-
tion approaches in the case of grid frequency drop are presented in Fig. 3.17.
The simulation outcomes in a strong grid case (SCR = 15) are compared in
Fig. 3.17(a)-(c). In the beginning, the power reference is 0.5 p.u. Then, at the
moment of 3s, a grid frequency drop event happens. Fig. 3.17(a) presents
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Fig. 3.17: Simulation outcomes of GFM inverters with dissimilar current limitation approaches in
the case of grid frequency drop. (a) Without any current limitation (SCR = 15); (b) With current
reference limitation (SCR = 15); (c) With power angle limitation (SCR = 15); (d) With power angle
limitation (SCR = 1.5). Source: [J3].

the simulation outcome without any current limitation. It shows that while
the grid frequency (f,) is reduced to 49.2 Hz, the active power is larger than
1 p.u., which causes the overcurrent operation of the GFM inverter. Under
this circumstance, the GFM inverter is stable, however, the output current is
beyond its rated range. This result is consistent to the analyses in Fig. 3.12(a).
Besides, Fig. 3.17(b) shows that while the typical current reference limitation
approach is applied, the amplitude of the current reference is restricted to
1 p.u. Nevertheless, the GFM inverter becomes unstable when the grid fre-
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Fig. 3.18: Simulation outcomes of GFM inverters with proposed power angle limitation approach
in the case of grid voltage sag. (a) SCR = 15; (b) SCR = 1.5. Source: [J3].

quency is reduced to 49.2 Hz and triggering the current limiter. This result
agrees with the analyses in Fig. 3.12(b). Dissimilarly, Fig. 3.17(c) shows that
while the power angle limitation approach is applied, the amplitude of the
output current is able to be restricted within 1 p.u. stably when the grid fre-
quency is reduced to 49.2 Hz. This result is consistent to the analyses in
Fig. 3.12(c). Furthermore, a weak grid case (SCR = 1.5) is chosen to evalu-
ate the effectiveness of the proposed approach. Fig. 3.17(d) shows that the
proposed overcurrent protection approach is also effective in weak grid case.

Additionally, the simulation outcomes of the proposed overcurrent pro-
tection approach in the case of grid voltage sag are presented in Fig. 3.18,
where the amplitude of the grid voltage is decreased from 1 p.u. to 0.2 p.u.
The simulation results under strong grid conditions (SCR = 15) and weak
grid conditions (SCR = 1.5) are presented in Fig. 3.18(a) and (b). It shows that
the amplitude of the output current is able to be restricted within 1 p.u. by
using the proposed power angle limiting approach in either weak or strong
grid case. Besides, after the fault is cleared, the recovery process shows good
transient performance.

Moreover, the experiment is carried out to validate the effect of the pro-
posed overcurrent protection approach for GFM inverters, where the experi-
mental parameters are as same as that used in simulation (See [J3] for detailed
parameters). As shown in Fig. 1.10 in Section 1, the Danfoss FC103P11KT11 is
used to implement a grid-connected inverter, and the dSPACE1007 is used to
implement the control algorithms. Besides, a grid simulator (Chroma 61845)
and inductors (Lg) are used to achieve a strong/weak grid condition.
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Fig. 3.19: Experimental results of dissimilar current limitation approaches under grid frequency
drop from 50 Hz to 49.2 Hz in strong grids (SCR = 15) (CH4: grid phase current; CH3: active
power; CH2: PCC voltage amplitude; CH1: phase-to-phase voltage at the PCC). (a) Without
any current limitation; (b) With current reference limitation; (c) With proposed power angle

limitation. Source: [J3].

The experimental outcomes with dissimilar current limitation approaches
in the case of grid frequency drop are presented in Fig. 3.19, where a strong
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Fig. 3.20: Experimental results of power angle limitation approach under grid frequency drop
from 50 Hz to 49.2 Hz in weak grids (SCR = 1.5) (CH4: grid phase current; CH3: active power;
CH2: PCC voltage amplitude; CH1: phase-to-phase voltage at the PCC). Source: [J3].
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Fig. 3.21: Experimental results of power angle limitation approach under grid voltage sag from
1 p.u. to 0.2 p.u. (a) Strong grid case (SCR = 15); (b) Weak grid case (SCR = 1.5) (CH4: grid phase
current; CH3: active power; CH2: PCC voltage amplitude; CH1: phase-to-phase voltage at the
PCC). Source: [J3].
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Table 3.1: Comparison of dissimilar overcurrent protection approaches [J3].

No need of Smooth Robust Effective in Effective in
Methods grid fault transient to SCR grid voltage grid frequency

detection transition variation sag case drop case
Switching control modes [55] X X v v v
Adding virtual impedance [57] v X X v v
Tuning power reference [58] X v v v X
Voltage-based feedforward [59] v v v v X
Power-based feedforward [60] v v v X v
Proposed method 4 v 4 v v

grid case (SCR = 15) is chosen for study. Similar to the simulation, the ini-
tial power reference is 0.5 p.u. Fig. 3.19(a) presents the experimental out-
come without any current limit. While the grid frequency (fg) is decreased
from 50 Hz to 49.2 Hz, the amplitude of the output current is raised to 1.3
p-u. roughly. Under this circumstance, the GFM inverter is stable. However,
the output current is beyond the rated range. Besides, Fig. 3.19(b) shows that
while the typical current reference limitation approach is applied, the GFM
inverter becomes unstable when the grid frequency is reduced from 50 Hz to
49.2 Hz and triggering the current limiter. It agrees with the simulation out-
comes in Fig. 3.17(b). Dissimilarly, Fig. 3.19(c) shows that when the proposed
power angle limitation approach is applied, the output current is restricted
within 1 p.u. stably when the grid frequency is dropped from 50 Hz to 49.2
Hz. It matches the simulation outcomes in Fig. 3.17(c).

Additionally, the experiment outcomes of the proposed overcurrent pro-
tection approach under weak grid conditions during grid frequency drop
event are presented in Fig. 3.20. It shows that the amplitude of the current
can be restricted within 1 p.u. when the grid frequency is reduced from 50
Hz to 49.2 Hz. This result matches the simulation outcomes in Fig. 3.17(d).

Further, the experiment outcomes of the proposed overcurrent protection
approach during grid voltage sag event are presented in Fig. 3.21, where the
amplitude of the grid voltage is decreased from 1 p.u. to 0.2 p.u. A weak
grid case (SCR = 1.5) and a strong grid case (SCR = 15) are chosen for study.
It shows that the amplitude of the output current can be restricted no more
than 1 p.u. in either strong or weak grid case. The experiment outcomes in
Fig. 3.21(a) and (b) are consistent to the simulation outcomes in Fig. 3.18(a)
and (b). Notably, the low-frequency oscillation at nearly 0.5 Hz can be seen
in Fig. 3.21(b). Finding an improved approach to get rid of the low-frequency
oscillation is worth doing in the future.

Finally, advantages of the proposed approach compared to several exist-
ing approaches (i.e., control-mode-switching approach [55], virtual impedance
approach [57], modifying power reference approach [58], voltage-based fre-
quency feedforward approach [59], and power-based frequency feedforward
approach [60]) are briefly discussed. As listed in Table 3.1, the proposed
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overcurrent protection approach of GFM inverters is effective for either grid
frequency drop or voltage sag case. Besides, seamless transition between the
fault and normal grid cases are realized. Moreover, grid fault detection is
unnecessary because the proposed approach can be adaptive to the varia-
tion of the amplitude of grid voltage. Therefore, this proposed overcurrent
protection approach has more advantages than existing methods presented
in [55-60], which seems to be a potential control solution to protect GFM
inverters to avoid overcurrent.

3.4 Summary

This chapter has provided a comprehensive discussion of modeling, small-
signal stability analysis, and overcurrent protection approaches of GFM in-
verters. At first, three typical GFM control schemes are compared under
normal grid conditions. It is found that the virtual-admittance-based GFM
control scheme has a wider stability range than the other two methods, so
the virtual admittance control scheme is chosen to be studied. Then, a de-
tailed state-space model and a simplified impedance model of GFM inverters
with virtual admittance control are built to analyze the small-signal stabil-
ity. Based on the stability analyses, the parameters of the virtual resistance
Ry and the virtual inductance L, are able to be designed properly to ensure
the GFM inverter system is stable within a wide range of the SCR. Thus, the
stability of GFM inverters under normal grid conditions is acceptable.

Afterwards, the stability of GFM inverters under abnormal grid condi-
tions is studied. To make GFM inverters with the current limitation operate
stably under large grid disturbances, a power-angle-based overcurrent pro-
tection method is proposed. The proposed approach can not only limit the
current of GFM inverters effectively, but also ensure the existence of a sta-
ble equilibrium point under large grid voltage and frequency disturbances.
Hence, the stability can be maintained. Besides, the proposed overcurrent
protection approach has some significant advantages. For example, the pro-
posed approach is effective for either grid voltage sag or grid frequency drop
case. It does not need additional grid fault detection. In addition, smooth
transition between the fault and normal grid conditions can be realized. This
is beneficial for improving the transient performance. Finally, simulations
and experiments have demonstrated the effectiveness of the proposed over-
current protection approach for GFM inverters.
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Chapter 4

Control and Impedance
Modeling of Grid-Connected
PMSG

In previous chapters, the GFL and GFM control schemes on grid-connected
inverters have been discussed. However, the electrical machines in Type-4
and Type-3 wind generation systems (i.e., PMSGs and DFIGs) have not been
considered, which will be discussed in the following chapters. In this chap-
ter, the control and small-signal impedance modeling approaches of GFL and
GFM Type-4 wind generation systems will be introduced. Finally, the calcu-
lated and measured impedances in the frequency domain will be compared
to show the correctness of the developed modeling approach.

4.1 Control and Impedance Modeling of GFL-PMSG

In Type-4 wind power generators, the back-to-back converter has a dc bus
(also called "dc link"). Whether the MSC or GSC should be responsible to
regulate the dc-link voltage is still an open research question. In this section,
the stability and dynamic performance of the Type-4 wind generators with
two typical GFL control schemes (i.e., machine-side and grid-side dc-link
voltage controls) will be compared at first.

The GFL-PMSG with the dc voltage control on the GSC is presented in
Fig. 4.1(a), where the MSC is utilized to control the rotor speed of the PMSG.
In this case, the MPPT can be achieved on the MSC by tuning the rotor speed
reference according to the wind speed. Differently, the GFL-PMSG with the
dc voltage control on the MSC is presented in Fig. 4.1(b), where the GSC is
utilized to control the output power. In this case, the MPPT is able to be
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Fig. 4.1: Two typical but different GFL control approaches for Type-4 wind generators. (a) With
dc voltage control on GSC; (b) With dc voltage control on MSC. Source: [C7].

achieved on the GSC by tuning the power reference according to the wind
speed. Considering the mechanical variables (e.g., rotor speed) of wind tur-
bines vary in a slow time scale, they are ignored when studying the small-
signal stability issues in this thesis. Thus, a given rotor speed or input power
are used for analysis. Besides, the MPPT control algorithm is also ignored,
so the speed or power reference is given directly.

As aforementioned, the small-signal impedance model is a powerful tool
to analyze the small-signal stability of the converter system. So, impedance
modeling of GFL-PMSGs will be introduced in the following sections.

41.1 Impedance Modeling of GFL-PMSG

As shown in Fig. 4.1, the MSC and GSC in Type-4 wind generators are con-
nected by a dc-link with a capacitor C;.. Thus, the dc-link voltage V;;. plays a
key role in modeling the whole system. The influence of the dc-link voltage
on modeling is worth being discussed at first. In the pulse width modulation
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Yeumsci(s) €= = Zg(s)

Fig. 4.2: Small-signal d-q impedance models of GFL-PMSGs shown in Fig. 4.1. (a) With dc
voltage control on GSC; (b) With dc voltage control on MSC. Source: [C7].

(PWM) block shown in Fig. 4.1, either the measured value or the reference
value of dc-link voltage can be used for modulation, but these two ways lead
to different results. The relation between the converter output voltage and
the dc-link voltage can be derived as (4.1).

v:(abc) Vi v:(ubc)‘vdf cr, _ v:(nbc)
[ =m . L/dc = VEC/Z Tc o Vd*c ! lf . m(abc) - VEL‘/Z (4 1)
c(abe) (abc) v v .
2 c(abe) Vie _ % cro. _ “c(abc)
Vie/2 "2 = Yc(abe)’ if : M(abe) = V72

where 11, is the three-phase modulation voltage, V. is the actual/measured
value of the dc-link voltage, V;C is the reference value of the dc-link voltage,

and v:(ubc) is the reference value of the converter voltage.

As presented in (4.1), when the reference value V. is used for modu-

lation, the converter output voltage v, is related to dc-link voltage Vj..
Differently, when the actual/measured value V, is used for modulation, the
converter output voltage v () is not related to de-link voltage V. Thus, the
measured value of the dc-link voltage is chosen to be used for modulation
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Fig. 4.4: Comparison of small-signal stability boundaries of GFL-PMSGs with grid-side and
machine-side dc voltage control schemes (w,.: bandwidth of dc voltage control loop; w): band-
width of active power control loop). Source: [C7].

in this thesis, because it can simplify the small-signal model by eliminating
the influence of dc-link voltage. The small-signal impedance models of GFL-
PMSGs with dc voltage controls on the MSC and GSC are shown in Fig. 4.2.

Notably, the symbol B in Fig. 4.2 denotes a 2x2 matrix (See [C7] for de-
tailed expressions). According to Fig. 4.2, the output admittances of GFL-
PMSGs with grid-side and machine-side dc voltage control schemes can be
deduced as (4.2) and (4.3), respectively.

YpmsG1(S) = (Bprr — Bgecpl + B — BrriBprvv GeacBy)
[T — (Bpr1 — Baecpl — BrriBrrvvGeacBv) - Bpiite — Bplive (4.2)
+ BpriBprvy (GLpFBy1 — GeacBi) (I — Bpivo)
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Fig. 4.5: Simulation results of a 30 kW GFL-PMSG with grid-side and machine-side dc voltage
control (wge = wp =100 rad/s, SCR = 1). (a) With dc voltage control on GSC and speed control
on MSC; (b) With dc voltage control on MSC and power control on GSC. Source: [C7].

YpmsGz(s) = (Bprr — Baecpt + Brs + BpriBprpy GrprBy) -
[T — (Bpr1 — Baecpl + BrriBrrpvGrprBy) - Bpliie — Bpive (4.3)
+ BpriBprpv (GLprByvi + GLpeBi) (I — Bpivo )|

Then, the generalized Nyquist diagrams of Ypmsg1 - Zg and Ypmsaz - Zg
can be plotted based on (4.2) and (4.3), as presented in Fig. 4.3(a) and (b).
Fig. 4.3 shows that when wy. and wy, are the same, the generalized Nyquist
diagrams of two impedance models in Fig. 4.2 are very similar.

Moreover, following the steps in Fig. 2.9, the small-signal stability bound-
ary of the GFL inverter system can be found by changing steady-state opera-
tion points gradually. The small-signal stability boundaries of the GFL-PMSG
with the machine-side and grid-side and dc voltage control approaches are
compared in Fig. 4.4. It shows that when the control parameters of two con-
trol approaches are the same, their small-signal stability boundaries are very
close to each other. Besides, a lower bandwidth of dc voltage/power control
loop is beneficial for enhancing the small-signal stability.

To validate the correctness of above analysis, a 30 kW GFL-PMSG simu-
lation model is built in MATLAB/Simulink. The detailed control and system
parameters have been presented in [C7], which are omitted here. Like Fig. 4.4,
a higher bandwidth of dc voltage/power control loop (i.e., 100 rad/s) and a
lower bandwidth of dc voltage/power control loop (i.e., 10 rad/s) are chosen
for analyses.
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Fig. 4.6: Simulation results of a 30 kW GFL-PMSG with grid-side and machine-side dc voltage
control (wg. = wp =10 rad/s, SCR = 1). (a) With dc voltage control on GSC and speed control
on MSC; (b) With dc voltage control on MSC and power control on GSC. Source: [C7].

The simulation outcomes of the aforementioned two GFL control ap-
proaches for PMSGs with a higher bandwidth of dc voltage/power control
loop are illustrated in Fig. 4.5, while the outcomes with a lower bandwidth of
dc voltage/power control loop are presented in Fig. 4.6. Fig. 4.5 shows that
when the active power is increased to 0.9 p.u. in the case of w, = wy, = 100
rad/s and SCR =1, both two control approaches become unstable. Reversely,
Fig. 4.6 shows that when the active power is raised to 0.9 p.u. in the case of
wp = wye =10 rad/s and SCR = 1, both two control approaches are stable. The
above simulation outcomes are persistent to the stability analyses in Fig. 4.4.

Furthermore, Fig. 4.6(a) shows an overvoltage issue of the dc-link capaci-
tor. Since a lower bandwidth of dc voltage control loop on the GSC (w;. = 10
rad/s) is used, the power on the grid side varies more slowly than that on the
machine side. So, the short-term energy accumulated on the dc-link capacitor
leads to the increasement of the dc voltage, which might result in overvoltage
problems. It is risky to hurt dc-link capacitors. So, a higher bandwidth of the
dc voltage control loop has the advantage of avoiding the overvoltage issue.
However, a lower bandwidth of the dc voltage control loop is beneficial for
small-signal stability. Hence, a trade-off between the overvoltage issue and
the stability needs to be considered to design the bandwidth of dc voltage
control loop. Dissimilarly, it can be observed from Fig. 4.6(b) that there is no
overvoltage problems to restrict the design of the power loop bandwidth on
the GSC. So, a lower bandwidth of the power loop (w, = 10 rad/s) can be
used to enhance the small-signal stability. Based on the above analysis, the
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Fig. 4.7: Model reduction of GFL-PMSGs. (a) With dc voltage control on GSC; (b) With dc voltage
control on MSC. Source: [C7].

machine-side dc voltage control seems to be better than the grid-side dc volt-
age control in weak grid cases. Hence, the machine-side dc voltage control
for GFL-PMSGs will be used in this thesis.

4.1.2 Impedance Characteristic Analysis for GFL-PMSG

As aforementioned, when the measured value of the dc-link voltage is uti-
lized for modulation in Type-4 wind generation systems, the output voltage
of the GSC is not influenced by the dc voltage, which is beneficial for reduc-
ing the coupling relationship between the GSC and MSC. Thus, as shown in
Fig. 4.7, the machine-side subsystem can be treated to be an ideal voltage or
power source from a small-signal perspective.

To demonstrate the correctness of the simplified models in Fig. 4.7, a
complete model and a simplified model of the GFL-PMSG are built in MAT-
LAB/Simulink, where the simulation parameters are the same as that in [C7].
The measured admittances Yppggy and Yppsa, Py using simplified simula-
tion models with an ideal power/voltage source on the machine side can
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Fig. 4.9: Small-signal d-q admittance measurement results for GFL-PMSGs with grid-side dc
voltage control and its simplified model (YpysG1(meas): measured admittance by using complete

model; Ypysa1 (meas) Measured admittance by using simplified model shown in Fig. 4.7(a)).

be compared with the measured admittances Ypmsgs and Ypmsgz by using
complete simulation models with the MSC plus PMSG to see the difference.
Notably, as shown in Fig. 4.8, a typical admittance measurement method by
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plete model; Y; :measured admittance by using simplified model shown in Fig. 4.7(b)).

PMSG2(meas)
injecting small-signal voltage disturbances and detecting small-signal current
responses introduced in [77] is used to "measure" the admittances.

The small-signal d-q admittance measurement results for GFL-PMSGs
with grid-side dc voltage control and its simplified model are shown in
Fig. 4.9. It can be seen that both the measured admittances YpysG1(meas) PY
using the complete model and Yi,MSGl(meas) by using the simplified model
are overlapped with the calculated admittance Ypysgy(cale)- In addition,
the small-signal d-q admittance measurement results for GFL-PMSGs with
machine-side dc voltage control and its simplified model are shown in Fig. 4.10.
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Fig. 4.11: Two typical GFM control approaches for Type-4 wind power generation system. (a)
With dc voltage control on GSC; (b) With dc voltage control on MSC. Source: [J4].

It can be seen that both the measured admittances YppsGa(meas) by using the
complete model and Yi’MSGZ(meas) by using the simplified model are over-
lapped with the calculated admittance Yppsga(cale)- The above admittance
measurement results indicate that the ac terminal admittances of GFL-PMSGs
are still accurate when the PMSG plus MSC is simplified as an ideal power or
voltage source presented in Fig. 4.7. Thus, the simplified models in Fig. 4.7 is

able to be utilized to study the small-signal stability of GFL-PMSGs.

4.2 Control and Impedance Modeling of GFM-PMSG

After analyzing GFL-PMSGs in the previous section, this section will move
the research focus to GFM-PMSGs. As for the GFM-PMSG, there are two typ-
ical GFM control schemes, which are dc voltage control on the MSC and dc
voltage control on the GSC [J4]. The GFM-PMSG with the dc voltage control
on GSC is presented in Fig. 4.11(a), where the MSC is used to control the rotor
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Fig. 4.12: Simulation results of a 30 kW GFM-PMSG by using grid-side and machine-side dc
voltage controls in the cases with and without the grid. (a) Dc voltage control on GSC; (b) Dc
voltage control on MSC. Source: [J4].

speed of the PMSG. Differently, the GFM-PMSG with the dc voltage control
on MSC is presented in Fig. 4.11(b), where the GSC is used to control the
output power. Besides, considering the island operation ability is important
for GFM wind generators to operate in a 100% inverter-based power system
or to operate in an ordinary power system during the blackout event, a local
load is added at the PCC in Fig. 4.11 for the island operation test.

The simulation results of a 30 kW GFM-PMSG with dc voltage controls
on the MSC and GSC are compared in Fig. 4.12. As presented in Fig. 4.12(a),
when the dc voltage is controlled by the GSC, it is not able to be remained as
a constant after the grid is removed. This is because the input power (deter-
mined by the wind speed) is no more equal to the output power (depending
on the load in the islanded case). So, the dc voltage may decrease or increase
continuously. Eventually, the GFM-PMSG will be unstable. However, as pre-
sented in Fig. 4.12(b), when the dc voltage is controlled by the MSC, it can be
kept at the rated value no matter with or without the grid because the input
power can be controlled as same as the output power. So, the dc voltage
control approach on the MSC will be used in this thesis.

4.21 Impedance Modeling of GFM-PMSG

As aforementioned, when the measured dc voltage is used for modulation in
the Type-4 wind generators, the output voltage of the GSC is not influenced
by the dc-link voltage (the MSC and PMSG either). Thus, the small-signal
impedance model of GFM-PMSGs with the dc voltage control on the MSC is
presented in Fig. 4.13. Thereafter, Yppmsg can be derived as (4.4), where B de-
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notes a 2x2 matrix (See [C4] for detailed expressions). Then, the admittance
characteristics of Yppsg can be analyzed by using Bode diagrams.

[BVC v+ (BPI 1
: {I + Bprr - Bry ™

[BVC 4+ (BPI 1

Ypmsc (s) = {Bpr1 — Bdecpt + Bre + Grpr - —
- Bdecpl) “Bie-v + Bprr - BLV : BVO-V] }7
+ (BLt + Bpr1 — Bdecpl) - Bos + Grpr - —-

— Baecpl) - Bici + Bprr - By - BVo-i]}

(4.4)

4.2.2 Impedance Characteristic Analysis for GFM-PMSG

Like Fig. 4.7(b), if the output voltage of the GSC is not influenced by the
MSC and PMSG in the Type-4 wind generators, the machine-side subsystem
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Fig. 4.15: Small-signal d-q admittance measurement results for GFM-PMSGs with machine-side
dc voltage control and its simplified model (YppsG(meas): measured admittance by using com-
plete model; Y; :measured admittance by using simplified model shown in Fig. 4.14).

PMSG (meas)
can be considered as an ideal voltage source. Thus, the simplified system of
GFM-PMSGs with machine-side dc voltage control is illustrated in Fig. 4.14.

To validate the correctness of the simplified model in Fig. 4.14, a com-
plete model and a simplified model of the GFM-PMSG are built in MAT-
LAB/Simulink, where the simulation parameters are the same as that in [C5].
The measured admittances Ypy g by using simplified simulation model with
an ideal voltage source on the machine side can be compared with the mea-
sured admittances Yppsg by using complete simulation models with MSC
plus PMSG to see the difference between two models.
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The small-signal d-q admittance measurement results for GFM-PMSGs
with machine-side dc-link voltage control and its simplified model are shown
in Fig. 4.15. It can be seen that both the measured admittances YppsG(meas)
by using the complete model and Ypy e (meas) by using the simplified model
are overlapped with the calculated admittance YpysG(cale): These admit-
tance measurement results indicate that the ac terminal admittances of GFM-
PMSGs are still accurate when the PMSG plus MSC is simplified as an ideal
voltage source presented in Fig. 4.14. Thus, the simplified model in Fig. 4.14
can be used to study the small-signal stability of GFM-PMSGs.

Additionally, as illustrated in Fig. 4.15, both the phases of Y;; and Y, are
within -90 ~ 90 degrees, which means that there are no negative resistance
characteristics on Y and Yg,. Thus, the small-signal stability of the GFM-
PMSG designed in this thesis should be quite good.

4.3 Summary

This chapter has provided a systematic discussion of small-signal impedance
modeling of GFL and GFM PMSGs. At first, GFL-PMSGs with dc voltage
controls on the MSC and GSC are compared. It is found that the machine-side
dc voltage control has better performance than the grid-side dc voltage con-
trol under weak grid conditions since a lower bandwidth of the active power
control loop can be used to enhance the small-signal stability. Then, the ad-
mittance characteristics of GFL-PMSGs with complete models and simplified
models are compared. It is found that the ac terminal admittance character-
istics of GFL-PMSGs are still accurate when the machine-side subsystem is
simplified to be an ideal power/voltage source.

Afterwards, GFM-PMSGs with dc voltage controls on the MSC and GSC
are compared. It is found that the island operation might be a challenge for
the GFM-PMSG with the grid-side dc voltage control, because the dc voltage
is hard to be maintained to be a constant in the islanded case without the
grid connection. Differently, the GFM-PMSG with the machine-side dc volt-
age control works well in both grid-connected and grid-disconnected cases.
So, the GFM-PMSGs with dc voltage control on the MSC is chosen to study
further. By comparing the admittance characteristics of GFM-PMSGs with
complete models and simplified models, it is found that the ac terminal ad-
mittance characteristics of GFM-PMSGs are still accurate when the machine-
side subsystem is simplified to be an ideal voltage source. Therefore, the
simplified models are beneficial for analyzing the small-signal stability of the
power system including plenty of Type-4 wind generators, which can shorten
the simulation time.
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Chapter 5

Control and Impedance
Modeling of Grid-Connected
DFIG

In the previous chapter, the control and impedance modeling of Type-4 wind
generation systems have been discussed. This chapter will move the research
focus to Type-3 wind generation systems, which is another type of wind gen-
eration solution with the DFIG and partial-scale converters. In this chapter,
the control and small-signal impedance modeling approaches of GFL and
GFM Type-3 wind generation systems will be introduced. Finally, the calcu-
lated and measured impedances in the frequency domain will be compared
to demonstrate the correctness of the developed modeling approach.

5.1 Control and Impedance Modeling of GFL-DFIG

Currently, Type-3 wind generators with partial-scale power converters plus
DFIGs and Type-4 wind generators with full-scale power converters plus
PMSGs have been widely used in the field of wind generation. To make
sure wind generators can operate stably in the power system, small-signal
modeling and stability analysis for them are very important. For the Type-4
wind generation system, the PMSG and the back-to-back converter are con-
nected in series (i.e., linear connection), so its impedance model can be easily
derived according to the output voltage and current of the GSC. Differently,
for the Type-3 wind generation system, the DFIG and the back-to-back con-
verter are connected on both the rotor side and the stator side (i.e., circular
connection), so the DFIG stator currents and the GSC output currents are in-
fluenced by each other, which increases the difficulty to derive its full-order
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Fig. 5.1: Typical GFL control scheme for Type-3 wind generation systems. (a) Physical configu-
ration of Type-3 wind generation systems; (b) GFL control scheme on the RSC; (c) PLL-based dc
voltage control scheme on the GSC. Source: [J5].

impedance model. A conventional modeling method is ignoring the dc-link
coupling by assuming that the dc voltage is constant, so the RSC and the
GSC can be modeled separately [78-82]. However, the rationality of this as-
sumption has not been demonstrated sufficiently. In this chapter, a novel
decoupled impedance modeling method will be introduced to build the full-
order impedance model of the DFIG system.



5.1. Control and Impedance Modeling of GFL-DFIG

A typical GFL control scheme for Type-3 wind generation systems are
shown in Fig. 5.1, where the GSC is responsible for controlling the dc-link
voltage, and the RSC is used to control the output power of the DFIG. Fig. 5.1(a)
presents the physical configuration of the Type-3 wind generation system,
where a DFIG and a back-to-back converter are connected to the grid at the
PCC. Notably, to simplify the analysis, the transformer of the Type-3 wind
generator at the PCC is ignored. In Fig. 5.1(a), Cy. is the dc capacitor. Cy and
L are the filter capacitors and inductors. Lg represents the grid impedance,
where the resistance is ignored. Considering the rotor speed w; changes in a
slower time scale compared to the fundamental frequency of the ac voltages
and currents, the rotor speed w;, is supposed to be constant.

Moreover, Fig. 5.1(b) shows the stator-voltage oriented control (SVOC)
scheme on the RSC. It includes outer power control loops, inner current con-
trol loops, and a PLL. The active power is controlled on the d-axis, while the
reactive power is controlled on the g-axis (Notably, the grid voltage needs
to be supported in weak grid cases, so the stator voltage magnitude V; is
used for control rather than the reactive power Q;). Besides, w; represents
the fundamental angular frequency of the stator voltage, and wy;;, represents
the slip angular frequency, which is equal to (w; — wy). Fig. 5.1(c) shows the
PLL-based dc voltage control approach on the GSC. It includes an outer dc
voltage control loop, inner current control loops, and a PLL. To differentiate
two PLLs on the RSC and GSC, the PLL on the RSC is named "PLL-1", while
the PLL on the GSC is name "PLL-2".

To study the stability of the Type-3 wind generation system, the small-
signal impedance model is a commonly used approach. It will be introduced
in the following sections.

5.1.1 Impedance Modeling of GFL-DFIG

Considering that the whole Type-3 wind generation system is relatively large,
it can be divided into two subsystems for analysis (i.e., a rotor-side subsys-
tem and a grid-side subsystem). Thus, small-signal impedance models of
the rotor-side subsystem and the grid-side subsystem are introduced in this
section initially.

A. Modeling of DFIG in d-q frame

Same as [78], the stator/rotor voltage and flux equations of the DFIG in
the d-q frame are given by (5.1)-(5.4).

. Ay
Usd = Rslsd + d;ftd - wllpsq (5'1)
vsqg = Rsisg + gtsq + w1 Psq

, dy,
Urg = Rylyg + dftd - wslipl;brq (5 2)
Urqg = Rrirﬂi + jtyq + wsliplprd
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Wsa = Lsisq 4 Liirg

) : 5.3

{ sq = Lsisq + Lmirg 63

{ Yrg = Lyiyg + Linisg
¢rq = Lrirq + Lmisq

where L; and R; are the stator inductance and resistance, L, and R, are the
rotor inductance and resistance, and L,, is the mutual inductance.

Substituting (5.3) and (5.4) into (5.2), the expression of the voltage and
flux can be derived as (5.5).

(5.4)

5.5)
Ly 4s L . di . (
Orq — ﬁTﬁ - ﬁws]ip¢sd = errq + (TLrTytq + wslipULrlrd

{ Vpd — LL—Z‘dZ]—;d + LL—Z’wsliplpsq = Ryipg + U'Lr% — wslipULrqu
where o=(LsL,-L2,)/(LsLy).

Considering the stator resistance R; in (5.1) is very small, it can be ignored
in order to simplify the calculations. Thus, when (5.1), (5.3), and (5.5) are
transformed into frequency-domain expressions by using Laplace transform,
their small-signal expressions can be deduced as:

. -1 .
Nigg | _ | sLs —wils | Bosg | L | Aiyg (5.6)
Alsq w] Ls SLS Avsq LS Aqu ’

Aiyg . R, +soL, _wslipULr - ) Av,4 B
Al o WslipTLy Ry + 0L, Avry

[ sLm —WslipLm :| ) |: sLs  —wiLs ]l' |: Avgy :|

WslipLm SLy w1Ls sLs Avgg

where A represents small-signal perturbations of variables.
According to (5.6) and (5.7), the small-signal impedance model of the

DFIG is presented in the blue area of Fig. 5.2, where By, By, and By rep-
resent the 2x2 matrixes in (5.7), respectively.

B. Modeling of RSC in d-q frame

According to the RSC control scheme presented in Fig. 5.1(b), the frequency-
domain small-signal impedance model of the RSC is presented in Fig. 5.2.
Notably, Bpr.py, Brpr, By-1, Bi-1, Brrra, Bdecpr-1, Bpi1-vr, and Bpjqyr repre-
sent 2x2 matrixes (See [J5] for detailed expressions). Besides, the superscript
‘e’ represents the control d-q frame. Since the DFIG is controlled by the
RSC, the model of the DFIG is included in Fig. 5.2.

C. Modeling of GSC in d-q frame

Similarly, according to the GSC control approach presented in Fig. 5.1(c),
the small-signal model of the GSC is presented in Fig. 5.3. Notably, Bpyy4c,

(5.7)
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Fig. 5.3: Small-signal d-q impedance model of GSC in GFL-DFIG system. Source: [J5].

By.2, Bia, Brri2, Bdecpl2, Bpio-ves Bpioae, Brs, and By represent 2x2 ma-
trixes (See [J5] for detailed expressions). Because the dc voltage is controlled
by the GSC, the model of the dc capacitor is contained in Fig. 5.3.

5.1.2 Proposed Two-Port Network Modeling Method

After establishing the small-signal impedance models of the rotor-side and
the grid-side subsystems, the ac terminal impedance of the whole DFIG sys-
tem needs to be derived. Considering there are both dc-side and ac-side cou-
plings, it is difficult to derive the terminal impedance/admittance of Type-3
wind generators directly. To address this difficulty, a decoupled impedance
modeling method will be introduced in this section.

A. Derivation of total admittance of DFIG system
Fig. 5.4 shows the ac terminal small-signal admittance calculation or mea-
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Fig. 5.4: Small-signal admittance measurement method for Type-3 wind generators (Avpe: in-
jected small-signal voltage perturbation; Aipcc: small-signal current response). Source: [J5].

surement method of Type-3 wind generators, where the total terminal admit-
tance of the DFIG system is given by (5.8).

—Aipcc(s) _ —[AiA(S) +AiB(S)]
AVpece(s) AVpece(s)

It can be seen from Fig. 5.4 that both the stator side of the DFIG and the
grid side of the GSC are connected at the PCC, so the whole DFIG system
can be treated as a two-port network. The DFIG stator current at port A is
represented by ia, and the GSC output current at port B is represented by
ip. Obviously, ip and ip have interactive couplings. Due to the coupling, the
terminal admittance of the DFIG system cannot be calculated as simply as
that of the PMSG system. To describe the coupling between port A and port
B, a 2x2 matrix can be used. Namely, from the two-port network point of
view, the relationship between voltages and currents at the two ports can be
described by a 2x2 admittance matrix, as expressed in (5.9).

[ =) 0 L[] e

Substituting (5.9) into (5.8), the total terminal admittance of the DFIG sys-
tem can be deduced by (5.10), which is equal to the sum of four admittance
components. Thus, as long as the four admittance components can be calcu-
lated, the total terminal admittance Ypgig can be obtained accordingly.

—Aipee(s)  —Aia(s) — Aig(s)

YpriG(s) = (5.8)

YDFIG (S) = AVpCC (S) - AVpcc (S)
_ [YAAAVA(S) + YagAvp (S)] + [YBAAVA(S) + YBBAVB(S)] (5.10)
- AVpec(s)

= Yaa(s) + Yag(s) + Ypa(s) + Yga(s)

In order to calculate or measure the four admittance components Yaa,
Yag, YBa, and Ygg, a two-port-network-based decoupled impedance model-
ing method is illustrated in Fig. 5.5. The key idea of the proposed method is
to decouple the ac-side connection of the DFIG system. Namely, port A and
port B are connected to two grids with the same parameters, respectively.
Thus, each admittance component can be calculated or measured indepen-
dently. It is worth mentioning that as long as the two grid voltages at the PCC
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Fig. 5.5: Proposed two-port-network-based decoupled impedance modeling method for Type-3
wind generators. (a) Modeling from port A to port A; (b) Modeling from port A to port B; (c)
Modeling from port B to port A; (d) Modeling from port B to port B. Source: [J5].

and PCC’ are the same, the modified DFIG system in Fig. 5.5 is equivalent to
the normal DFIG system in Fig. 5.4. The detailed calculation process of the
four admittance components will be introduced as follows.

B. Admittance calculation from port A to port A in d-q frame

As presented in Fig. 5.5(a), when injecting a small-signal voltage pertur-
bation Av, into the two-port network from port A, there is a current response
Aipp at port A. So, the admittance Yaa can be expressed as (5.11).

.d .
B —AlA‘L(s) B Alsdq(s)

= = 5.11
AV3d(s)  AVsdq(s) G4

d
YAi(s)

where Aiggq and Avgqq are the stator current and voltage of the DFIG.
Then, according to (5.11) and Fig. 5.2, Yaa can be calculated, which is
given by (5.12).
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d L _
Yy (s) = [f(BPI-I-l — Bdecpl-1 + Brr + Bprr1BprpyBLpeBy-1)] !
m

_ L
“[BLmBrs ™' — (Bprr1 — Baecpi-1) * Bpi-t-ir — Bpiit-ve + f(BP1-1-1 (5.12)
m

_ L
— Bgecpl-1 + Bre) - B!+ L*S(BPI-I-lBPI-PVBLPFBi-l)}

m

C. Admittance calculation from port A to port B in d-q frame

As presented in Fig. 5.5(b), when injecting a small-signal voltage pertur-
bation Av, into the two-port network from port A, there is a current response
Aipp at port B. So, the admittance Yap can be expressed as (5.13).

.dq .
dq _ —Aiyg(s) . _Alodq(s)
Yan() = Avi(s)  Avsgg(s) G139

where Aiyqq is the output current of the GSC and Avgqg is the stator voltage
of the DFIG.

Taking the small-signal voltage Av,qq in Fig. 5.3 to be zero, the transfer
function from AP, to Aiggq can be deduced as:

Aigaq(s) = —(Brs + Bpri2 — Baecpl-2 — Bpri2BprvacGeacBy-2) !

2 (5.14)
- (Bpr12BprvacGedce) - { OTSC }

Since the output power of the RSC on the ac side is the same as the output
power of the DFIG on the rotor side, the small-signal expression of the power
APy is provided by (5.15).

{ APy } :_§_ [ Irdo irqO ] . { Avyy } _é. { Urd0  Urq0 } . { Aipy }

0 2 0 0 Avyg 2 0 0 Aiyg

(5.15)
where the subscript ‘y” represents the steady-state operation points.

Substituting (5.1), (5.3), and (5.5) into (5.15), the RSC output power AP,
can be deduced as (5.16).

[ APy ] _ 3 _{(Lmz_Ler)s—zR,Ls . { 0 irg0 }  Walip

0 2 Ly 0 0 w1
Vsdo  Usg0 . 3 Lys+ 2R, Lo Irg0
[ % [ 22 [ o

. . —1
| Tsq0  Lsdo A - | )
R S P R
According to (5.11), Aigqq can be expressed by "Yaa - Avgqq". Thus, (5.16)
can be rewriten as (5.17).
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{ AP, } 3 {(Lm2 — LsLy)s —2R,Ls [ irngo  irgo ] _ Wslip
0 —

2 Lm 0 0 w1
e q 3 [Lis+2R, [ iy i
[ 1) oo 3 {2 [ 5 o

) , -1
—1sq0  1sdo S —Ww1
o [ 2 0]
Then, substituting (5.14) and (5.17) into (5.13), the admittance Yap can be
calculated as (5.18).

d 3 _
Yyh(s) = 5" (Bit + Bpri2 — Baecpl-2 — Bpri2BprvacGeacBv-2) ™!
Lu? — LsL,)s — 2R, L iygo i
- (Bpr.r2BprvacGedc) - { [( - er) = { rgo 7670 }
m
_a)slip | Usdo Tsqo .qu (S) I Lys + 2R, ) Lrdo irqO (5.18)
w1 0 0 AA L 0 0

) ) -1
| Tlsq0  sdo | s Tw
+(Usllp |: 0 0 :| :| |: Wl s :| }

D. Admittance calculation from port B to port A in d-q frame

As presented in Fig. 5.5(c), when injecting a small-signal voltage pertur-
bation Avg into the two-port network from port B, there is a current response
Aipp at port A. So, the admittance Yga can be expressed as:

.d .
vdd (s) = —AlBg(s) _ A1qu(s)
BA Avgq(s) AVodq<s)

where Aigqgq is the stator current of the DFIG and Av,qgq is the output voltage
of the GSC.

Notably, when the measured dc voltage is used for the voltage modu-
lation on the RSC, the output voltage of the RSC is independent from the
dc voltage (A detailed mathematical explanation has been provided in Sec-
tion 4.1.1). Thus, the injected small-signal voltage perturbation at port B is
only able to be transferred to the dc-link, while it cannot be further trans-
ferred to port A. Therefore, the small-signal current response Aigy is equal
to zero theoretically. The admittance Ygs can be derived as:

Yl - 0 4 5.20
BA(S) Avgq(s) ( )

E. Admittance calculation from port B to port B in d-q frame

(5.19)

As presented in Fig. 5.5(d), when injecting a small-signal voltage pertur-
bation Avg into the two-port network from port B, there is a current response
Aigp at port B. So, the admittance Ypp can be expressed as (5.21).
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Table 5.1: Parameters of DFIG and RSC.

Parameters Values
Rated active power, Py 30 kW
Rated phase voltage (peak value), Vi1 311V
Fundamental angular frequency, w; 2750 rad/s
Rotor angular speed, w; 27-60 rad /s
Pole pairs, 1, 2
Stator inductance, L 82.7 mH
Rotor inductance, L, 84.5 mH
Mutual inductance, L, 79.3 mH
Stator resistance, R; 0.44 mQ)
Rotor resistance, R, 0.64 mQ)

Designed bandwidth of current loop, w;; 2000 rad/s
Designed bandwidth of PLL-1, wp; 1 250 rad/s

Table 5.2: Parameters of GSC.

Parameters Values
Rated active power, Py» 10 kW
Rated phase voltage (peak value), V2 311V
Rated dc voltage, V. 700 V
Dc capacitance, Cy, 500 uF
Filter inductance, L f 6.9 mH
Filter resistance, R £ 69 mQ)
Filter capacitance, C £ 5 uF
Designed bandwidth of current loop, wi» 2000 rad/s
Designed bandwidth of PLL-2, w2 250 rad/s

Designed bandwidth of dc voltage loop, wys. 100 rad/s

.dq .
dq .\ _ —Aigg(s) . _Alodq(s)
Ypg(s) = Avis) = Averq(®) (5.21)

where Aiyqq and Aveygq are the output current and voltage of the GSC.
Taking the small-signal input power APy, in Fig. 5.3 to be zero, the trans-
fer function from Av,qq to Aiggq can be deduced as (5.22).
Aigdq(s) = —{(Bprr2 — Bdecpl2 + Brt — Bpr12BprvacGeacBv-2)
- [I—= (Bprr2 — Baecpl2) Bpiotc — Bpli2-ve — BrrioBprvacGeacBia] - (5:22)
+ Beg} - AVodq(s)

Substituting (5.22) into (5.21), then, the admittance Ypp can be calculated
as (5.23).
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d _
Ygi(s) = (Bpri2 — Baecpl2 + Bre — BprioBprvacGeacBv2) 7 - [I—

(5.23)
(Bpr12 — Bgecpl-2) Bpli-2-ic — Bpll-2-ve — Bprr2BprvdcGeacBia] + Bey

Based on the above analysis, the four admittance components Yaa, Yag,
Yga, and Ygg are obtained in (5.12), (5.18), (5.20), and (5.23). Then, the total
terminal admittance Ypgig can be obtained as "Yprig=Yaa+YAB+YBA+YBB'
according to (5.10).

5.1.3 Impedance Characteristic Analysis for GFL-DFIG

To demonstrate the correctness of the proposed two-port network decoupled
impedance modeling method, a 30 kW GFL-DFIG simulation model is built
in MATLAB/Simulink, where a typical impedance/admittance measurement
method introduced in [77] is used to measure the admittances.

The system and control parameters of the DFIG, RSC, and GSC are pro-
vided in Table 5.1 and Table 5.2. The admittance measurement results of the
GFL-DFIG are shown in Fig. 5.6, where the subscript ‘.;c" and ‘meas” denote
calculation and measurement, respectively.

As shown in Fig. 5.6, the red, green, and blue curves show the calcu-
lated results of the d-q admittance components Yaa, Yap, and Ypp (Notably,
since the admittance component Yga is equal to zero, it is omitted). Besides,
the black curves show the calculated results of the total terminal admittance
Yprig, which is equal to the sum of Yaa, Yas, Ysa, and Ygg. Moreover,
the red, green, blue, and black “*” represent the measured results of the ad-
mittances Yaa, Yap, YBB, and Ypgig by simulation. Fig. 5.6 shows that the
measured admittances are overlapped with the calculated admittances, which
proves the proposed impedance modeling method is correct.

Notably, Fig. 5.6 shows that there is a resonant peak at 50 Hz for Y4 (calc)-
This is because the stator resistance is assumed to be zero when calculating
the admittance component Yas. However, this resonant peak does not ex-
ist in the DFIG system, because no resonant phenomenon at 50 Hz can be
observed in the time-domain simulation waveforms.

In addition, Fig. 5.6 shows that Yap has higher magnitude on the d-d
and d—q channels at the low-frequency range, which means that the dc-link
coupling has strong impact on the low-frequency admittance characteristics
of Yprig. So, the conventional modeling method by ignoring the dc-link cou-
pling may reduce the accuracy of the model [J5]. Furthermore, Ypgig has
negative resistance characteristics on the q—q channel at the low-frequency
range, which may worsen the small-signal stability. A simple way to miti-
gate the negative resistances is to reduce the bandwidth of the PLL, but the
dynamic performance of the PLL will be sacrificed meanwhile. So, further
exploration may be necessary to find a better solution.
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Fig. 5.6: Small-signal d-q admittance measurement results for GFL-DFIGs.

5.2 Control and Impedance Modeling of GFM-DFIG

After analyzing GFL-DFIGs in the previous section, this section will move
the research focus to GFM-DFIGs. A typical GFM-PMSG with a PLL-based
dc-link voltage control on the GSC is presented in Fig. 5.7, where the GFM
function is realized on the RSC by using a virtual admittance control [83].
Fig. 5.7(a) shows the physical configuration of the Type-3 wind generation
system. Considering that Fig. 5.7(a) is completely the same as Fig. 5.1(a), the
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Fig. 5.7: Typical GFM control scheme for Type-3 wind generation systems. (a) Physical config-
uration of Type-3 wind generation systems; (b) GFM control scheme on the RSC; (c) PLL-based

dc voltage control scheme on the GSC [J4].

description of the physical system is omitted.

Fig. 5.7(b) shows the power synchronization control scheme on the RSC,
which includes outer power control loops and inner voltage and current con-
trol loops. The current and voltage controls are performed in the rotating
d-q frame. The reactive power and active power are regulated to generate
the voltage magnitude and angle. Moreover, Fig. 5.7(c) shows the PLL-based
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Fig. 5.8: Small-signal d-q impedance model of GFM-DFIG system presented in Fig. 5.7. (a)
Impedance model of RSC; (b) Impedance model of GSC.

dc voltage control approach on the GSC, which is completely the same as
Fig. 5.1(c). So, the description of this control approach is also omitted. After-
wards, the small-signal impedance model of GFM-DFIGs will be introduced.

5.2.1 Impedance Modeling of GFM-DFIG

Like the GFL-DFIG system introduced in previous sections, the GFM-DFIG
system can be separated into a rotor-side subsystem and a grid-side subsys-
tem for analysis. The small-signal d-q impedance model of the rotor-side
subsystem is shown in Fig. 5.8(a), where the DFIG model is the same as that
in Fig. 5.2 and the RSC model is similar to the model of GFM-PMSG pre-
sented in Fig. 4.13. Besides, the small-signal d-q impedance model of the
grid-side subsystem is shown in Fig. 5.8(b), which is completely same as the
GSC model of GFL-DFIG presented in Fig. 5.3. Hence, the detailed process
of building the models shown in Fig. 5.8 is omitted here.
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5.2. Control and Impedance Modeling of GFM-DFIG

5.2.2 Proposed Two-Port Network Modeling Method

After building the small-signal impedance models of the rotor-side and the
grid-side subsystems, the ac terminal impedance of the whole DFIG system
needs to be derived. As aforementioned, a two-port-network-based decou-
pled impedance modeling method shown in Fig. 5.5 can be used to calculate
the ac terminal admittance of the GFL-DFIG system. In fact, this method is
also effective to calculate the ac terminal admittance of the GFM-DFIG sys-
tem. According to (5.10), the total terminal admittance Ypgig is equal to
the sum of the four admittance components Yaa, Yap, Ysa, and Ygg. The
calculation of the four admittance components will be introduced as follows.

A. Admittance calculation from port A to port A in d-q frame

As presented in Fig. 5.5(a), when injecting a small-signal voltage perturba-
tion Av, into the two-port network from port A, there is a current response
Aipa at port A. So, the admittance Yaa can be expressed as (5.11). Then,
according to (5.11) and Fig. 5.8(a), Yaa can be calculated as:

d L m
Yyh(s) = f(BLr + Bpr11 — Becpt1) + GLPF - ?p * Byry + (Bpr11

m

L _ _ _ L
- Bdecpl-l) By + = Bprr1 - Bry L. BVS-V}} L {BLmBLs ! + =
L L (5.04)

_ L _
-Bpri1 - By T+ f(BLr +Bpr.L1 — Baecpi1) - BLs ™ + Grpr - Tp
m

L _
* [Byri + (Bpr11 — Bdecpl-1) * Brri + Lfs -Bppi1 - Bry ! Bysi]}
m

where the detailed expressions of the matrixes are given in (5.25).
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(5.25)

B. Admittance calculation from port A to port B in d-q frame

As presented in Fig. 5.5(b), when injecting a small-signal voltage pertur-
bation Av, into the two-port network from port A, there is a current response
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Aipp at port B. So, the admittance Yap can be expressed as (5.13). Since the
GSC model of the GFM-DFIG system is completely the same as that of the
GFL-DFIG system, the calculation process of Yap is the same as (5.13)-(5.18).
Therefore, according to (5.18), the admittance Yap can be calculated as:

d 3 B
Ya(s) = —5 " (Bprr2 — Becpl-a + Brf — Berr2BprvacGeacBvo-v) !
Liw? — LsLy)s —2R,Ls [ ipgo i
. (BPI-I-ZBPI-VchCdc) . { [( m er> rbs [ rgO r(z);O ]
m
iy [ oo o0 ]yl () 4 [Lrst2Re [inao drgo ] ©29
w1 0 0 AA Lm 0 0

. . -1
] —Isq0  Isdo s  —wi
+Wslip - { 0 50 H . { w s ] }

C. Admittance calculation from port B to port A in d-q frame

As presented in Fig. 5.5(c), when injecting a small-signal voltage pertur-
bation Avg into the two-port network from port B, there is a current response
Aigp at port A. So, the admittance Ypa can be expressed as (5.19). Since
the measured dc voltage is used for the voltage modulation on the RSC, the
output voltage of the RSC is independent from the dc-link voltage. Thus,
the injected small-signal voltage perturbation at port B cannot be transferred
to port A. Therefore, the small-signal current response Aipy is equal to zero
theoretically. The admittance Yga can be derived as:

Yl - 0 5.27
BA(S) Avgq(s) ( )

D. Admittance calculation from port B to port B in d-q frame

As presented in Fig. 5.5(d), when injecting a small-signal voltage pertur-
bation Avg into the two-port network from port B, there is a current response
Aigp at port B. So, the admittance Ygg can be expressed as (5.21). Since
the GSC model of the GFM-DFIG system is completely same as that of the
GFL-DFIG system, the calculation process of Ypp is the same as (5.21)-(5.23).
Therefore, according to (5.23), the admittance Ypp can be deduced as:

d _
Yga(s) = (Bpri2 — Baecpl-2 + Brs — BprioBprvacGeacBvow) - [1 (5.28)

— (Bpr1-2 — Bdecpl-2) Bpitte — Bpit-ve — Brr12BprvacGeaeBvo-i] + Be

Based on the above analysis, the four admittance components Yaa, Yas,
Yga, and Ygp are obtained in (5.24), (5.26), (5.27), and (5.28). Then, the total
terminal admittance Yprig can be obtained by adding the four admittance
components, namely, "Yprig=Yaa+Yap+YBa+YBB'
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Fig. 5.9: Small-signal d-q admittance measurement results for GFM-DFIGs.

5.2.3 Impedance Characteristic Analysis for GFM-DFIG

To demonstrate the correctness of the proposed two-port network decoupled
impedance modeling method, a 30 kW GFL-DFIG simulation model is built
in MATLAB/Simulink. The parameters of the DFIG are same as that in Table
5.1. The parameters of the GSC are same as that in Table 5.2. Besides, the
droop coefficient and the virtual admittance in the RSC control scheme are
the same as that in [C5]. The d-q admittance measurement results of the
GFM-DFIG are shown in Fig. 5.9, where the subscript ‘51" and “meas” denote
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calculation and measurement, respectively.

As presented in Fig. 5.9, the red, green, and blue curves show the calcu-
lated results of the d-q admittance components Yaa, Yap, and Ypp (Notably,
Yga is omitted, because it is equal to zero). Besides, the black curves show
the calculated results of the total terminal admittance Ypgig, which is equal
to the sum of Yaa, YaB, Ypa, and Ygg. Moreover, the red, green, blue, and
black ‘s represent the measured results of the admittances Yaa, Yas, YBB,
and Ypgig by simulation. Fig. 5.9 shows that the measured admittances are
overlapped with the calculated admittances.

In addition, Fig. 5.9 shows that the magnitudes of Yap are much lower
than the magnitudes of Ypgig, which means that the dc-link coupling has
weak impact on the total admittance Ypgig. So, it can be ignored approxi-
mately. Furthermore, Yprig does not have negative resistance characteristics
on either the d-d channel or the q—q channel, which indicates the small-signal
stability of GFM-DFIG should be quite good.

5.3 Summary

This chapter has provided a systematic discussion of small-signal impedance
modeling of GFL and GFM DFIGs. At first, a two-port network impedance
modeling method for GFL-DFIGs is introduced. With the proposed modeling
method, the whole DFIG system can be decomposed into four subsystems.
Thus, the models of the RSC, GSC, and dc-link coupling can be built sepa-
rately, so the complexity of the modeling process can be degraded. Then, the
admittance characteristics of GFL-DFIGs are presented on Bode diagrams.
It is found that the dc-link coupling has strong impact on the total termi-
nal admittance of GFL-DFIGs at the low-frequency range, which should be
considered in order to improve the accuracy of the model. Besides, negative
resistance characteristics of GFL-DFIGs on both d-d and g—q channels can be
observed, which may worsen the small-signal stability.

Afterwards, the proposed two-port network impedance modeling method
is applied to GFM-DFIGs. With the proposed modeling method, a full-order
impedance model of the GFM-DFIG is built. Then, the admittance charac-
teristics of GFM-DFIGs are presented on Bode diagrams. It is found that the
dc-link coupling in GEM-DFIGs has weak impact on the total terminal admit-
tance, which can be ignored approximately. Moreover, there are no negative
resistance characteristics for GFM-DFIGs on either the d—d channel or the
g—-q channel, which reflects the small-signal stability of GFM-DFIGs should
be very good. Therefore, the GFM-DFIGs may be more suitable to operate in
weak grid cases than the GFL-DFIGs.
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Chapter 6

Case Studies of Multiple

Grid-Connected Wind
Generators

In previous chapters, the case of a single wind generator connected to a
Thevenin equivalent grid has been studied. This chapter will move the re-
search focus to the multiple wind generators system to validate the effec-
tiveness of the proposed solutions. In addition, considering most offshore
wind power plants (e.g., Anholt in Denmark) are equipped with Type-4 wind
generators, paralleled Type-4 wind generators will be evaluated in this sec-
tion. Firstly, two paralleled Type-4 wind generators connected to a Thevenin
equivalent grid will be analyzed. Then, a more realistic case of Anholt Off-
shore Wind Power Plant consisting of Type-4 wind generators with proposed
control solutions will be studied.

6.1 Case 1: Two Paralleled 30 kW Wind Generators

To avoid the study case being too complicated to understand, a simple case
of two paralleled Type-4 wind generators connected to a Thevenin equiva-
lent grid is chosen to study first. The configuration of the study system is
presented in Fig. 6.1, where two Type-4 wind generators are connected at
the PCC. Besides, a load Z;,,; is intentionally added to evaluate the island
operation ability of GFM wind generators. In order to differentiate the two
generators, subscript ‘;” denotes the variables of generator 1, while subscript
‘2" denotes the variables of generator 2. Moreover, Q and P are the output
reactive power and active power of the GSC. Vj, is the dc-link voltage. T, and
wy, are the mechanical torque and angular speed of the PMSG, respectively.
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Table 6.1: Parameters of 30 kW GFL-PMSGs [84].

Parameters Values
Rated active power, Py 30 kW (1 p.u.)
Rated phase voltage (peak value), Vi V2/3-380 V (1 p.u.)
Fundamental angular frequency, wy 27-50 rad/s
Pole pairs of PMSG, 1, 4
Stator inductance of PMSG, L; 0.8 mH
Stator resistance of PMSG, Rg 50 mQ)
Rotor flux of PMSG, ¥, 192 mWb
Rated dc-link voltage, V. 700 V
Sampling frequency, fs 10 kHz
Dc-link capacitance, Cy. 3pu.
Output filter inductance & resistance, L fr R 7 0.15 p.u., 0.005 p.u.
Output filter capacitance, C¢ 0.02 p.u.
Current loop bandwidth on MSC, w;_sc 4000 rad/s
Dc voltage loop bandwidth on MSC, wy, 100 rad/s
Current loop bandwidth on GSC, w;_ggc 4000 rad /s
PLL bandwidth on GSC, w,; 500 rad/s
Auxiliary PLL bandwidth on GSC, wy 50 rad/s
Ac voltage magnitude loop bandwidth on GSC, wy,, 50 rad/s
Active power loop bandwidth on GSC, w), 10 rad/s
Output ac current limit on GSC (peak value), Ij;;, 1pu
MSC1 Ve GSC1 P01 pec
‘|I<} T 'ilf'} —'"':‘»r Vpee )
I LA
Generator 1 = MLM‘_@
i > Zioad Girid
MSC2 Ve GSC2 Pa. O pee
_IK} I 4@ Load =

nl—l»—% \

Generator 2

Fig. 6.1: System configuration of two paralleled Type-4 wind generators connected to a Thevenin
equivalent grid or a load.

6.1.1 Paralleled GFL-PMSGs in Strong and Weak Grids

At first, two paralleled GFL-PMSGs with the proposed control solution are
investigated. Specifically, the machine-side dc voltage control approach pre-
sented in Fig. 4.1(b) is used to control the MSC, and the proposed double-
PLL-based impedance reshaping control approach presented in Fig. 2.18 is
used to control the GSC. A 30 kW simulation model is built to study stability
of paralleled GFL-PMSGs, where two GFL-PMSGs have the same parameters.
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Fig. 6.2: Simulation results of two paralleled 30 kW GFL-PMSGs under grid frequency drop
from 50 to 49.2 Hz. (a) A strong grid case (SCR = 15); (b) A weak grid case (SCR = 1.5).

The simulation parameters of GFL-PMSGs are listed in Table 6.1, where the
parameters of a 30 kW PMSG are the same as that of a preset model of PMSG
"No. 15" in the MATLAB/Simulink Library [84].

Referring to a standardized evaluation framework for weak grid-connected
converters introduced in [85] the active power step, grid frequency drop, and
voltage sag scenarios chosen for testing. The simulation results of two
par 111d30kWGFLPMSG under grid frequency drop ca re presented
in Fig. 6.2. Since the simulation results of the two genera to s are completely
the same, Fig. 6.2 only shows the results of generator 1. As illustrated in
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Fig. 6.3: Simulation results of two paralleled 30 kW GFL-PMSGs under grid voltage sag from 1
to 0.2 p.u. (a) A strong grid case (SCR = 15); (b) A weak grid case (SCR = 1.5).

Fig. 6.2, initially, given a 0.9 p.u. of power reference at the instant of 1.5s, the
active power reaches 0.9 p.u. after 0.3 seconds. Then, the grid frequency is
dropped from 50 Hz to 49.2 Hz at the instant of 2s. It shows that the fre-
quency response of the PLL is very fast. This is because a high bandwidth of
the PLL can be applied by using the proposed impedance reshaping control
approach, which is beneficial for improving the transient performance [J2].
Besides, the GFL-PMSG can provide more reactive power in the weak grid
case to support the grid voltage to meet the grid code requirement.
Moreover, the simulation results of two paralleled 30 kW GFL-PMSGs
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Table 6.2: Parameters of 30 kW GFM-PMSGs.

Parameters Values
Rated active power, Py 30 kW (1 p.u.)
Rated phase voltage (peak value), Vy V2/3-380 V (1 pu)
Fundamental angular frequency, wy 27-50 rad/s
Pole pairs of PMSG, 1) 4
Stator inductance of PMSG, Lg 0.8 mH
Stator resistance of PMSG, R; 50 mQ)
Rotor flux of PMSG, ¥, 192 mWb
Rated dc-link voltage, V. 700 V
Sampling frequency, fs 10 kHz
Dc-link capacitance, Cy, 3pu.
Output filter inductance & resistance, L fr R 5 0.15 p.u., 0.005 p.u.
Output filter capacitance, Cy 0.02 p.u.
Current loop bandwidth on MSC, w;_ps¢c 4000 rad /s
Dc voltage loop bandwidth on MSC, wy 4, 100 rad/s
Current loop bandwidth on GSC, w;_gsc 4000 rad /s
Virtual resistance and inductance on GSC, L,, R, 0.5 p.u., 0.05 p.u.
Reactive power droop coefficient on GSC, 1, 2.5% Vi /PN

2.5% WN /PN
PLL bandwidth in virtual power angle limiter, Wi 50 rad/s

Active power droop coefficient on GSC, m),

Output ac current limit on GSC (peak value), Ij;;, 1pu.

under grid voltage sag cases are presented in Fig. 6.3. Initially, the active
power is controlled to be 0.9 p.u. Then, the grid voltage is sagged from
1 p.u. to 0.2 p.u. at the instant of 2s and lasts for 0.3 seconds. It can be
seen that the GFL-PMSGs have the ability to ride through the fault in either
strong or weak grid cases. Besides, during the fault period, the GFL-PMSG
can inject reactive current and reactive power quickly to meet the grid code
requirement. Fig. 6.3(b) also shows that during the fault recovery period,
the proposed method has an overvoltage problem in the weak grid case.
However, the transient performance during the fault recovery period is not
the research focus of this thesis, which needs to be studied further in the
future. And a typical method of switching the current reference to a constant
during the fault period [86] is worth considering use in the future.

6.1.2 Paralleled GFM-PMSGs in Strong and Weak Grids

Afterwards, two paralleled GFM-PMSGs with the proposed control solution
are investigated in this section. Specifically, the machine-side dc voltage
control approach presented in Fig. 4.1(b) is used to control the MSC, and
the virtual-admittance-based GFM control scheme with the proposed power-
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Fig. 6.4: Simulation results of two paralleled 30 kW GFM-PMSGs under grid frequency drop
from 50 to 49.2 Hz. (a) A strong grid case (SCR = 15); (b) A weak grid case (SCR = 1.5).

angle-based overcurrent protection approach shown in Fig. 3.15 is used to
control the GSC. A 30 kW simulation model is built to study stability of
paralleled GFM-PMSGs, where two GFM-PMSGs have the same parameters.
The simulation parameters of GFM-PMSGs are listed in Table 6.2.

The simulation results of two paralleled 30 kW GFM-PMSGs under grid
frequency drop cases are presented in Fig. 6.4. Initially, the active power is

controlled to be 0.5 p.u. Then, the grid frequency is dropped from 50 Hz to
49.2 Hz at the instant of 2s. The GFM-PMSG can provide more active power

to support the grid frequency to meet the grid code requirement. More im-
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Fig. 6.5: Simulation results of two paralleled 30 kW GFM-PMSGs under grid voltage sag from 1
to 0.2 p.u. (a) A strong grid case (SCR = 15); (b) A weak grid case (SCR = 1.5).

portantly, the output current can be restricted within 1 p.u. and the stability
of the GFM-PMSGs can be maintained by using the proposed approach.
Moreover, the simulation results of two paralleled 30 kW GFM-PMSGs
under grid voltage sag cases are presented in Fig. 6.5. Initially, the active
power is controlled to be 0.5 p.u. Then, the grid voltage is sagged from 1
p-u. to 0.2 p.u. at the instant of 2s and lasts for 0.3 seconds. It can be seen that
the GFM-PMSGs have the ability to ride through the fault in either strong
or weak grid cases. More importantly, the output current can be restricted
within 1 p.u. during the fault period and the stability of the GFM-PMSGs
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Table 6.3: Parameters of 4 MW grid-connected PMSGs [87].

Parameters

Values

Rated active power, Py

Rated phase voltage (peak value), Vy
Pole pairs of PMSG, 1)

Stator inductance & resistance, Lg, R
Rotor flux of PMSG, ¥,

Rated dc-link voltage, V.

4 MW (1pu)
V2/3-690 V (1 p.u.)
2

1mH, 2.5 mQ

5.84 Wb

1500 V

Grid-connected | Grid-disconnected
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Fig. 6.6: Simulation results of two paralleled 30 kW GFM-PMSGs in an islanded case.

can be maintained by the proposed approach [J3]. However, during the fault
recovery period, the proposed method has oscillation problems in both weak
and strong grid cases, as presented in Fig. 6.5. This problem is still a chal-
lenging issue, which is worth studying further in the future.

Furthermore, having the island operation ability is another important fea-
ture of GFM-PMSGs. To evaluate the performance of GFM-PMSGs in is-
landed cases, the simulation results of two paralleled 30 kW GFM-PMSGs in
an islanded case are shown in Fig. 6.6. In the beginning, the GFM-PMSGs
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Fig. 6.7: Simulation results of two paralleled 4 MW GFL-PMSGs under grid frequency drop from
50 to 49.2 Hz. (a) A strong grid case (SCR = 15); (b) A weak grid case (SCR = 1.5).

have the connection with the grid. Then, the grid is disconnected at the in-
stant of 2s. It shows that two paralleled GFM-PMSGs can still operate stably
in the islanded case. Later, when the load is increased to the rated value at
the instant of 2.3s, GFM-PMSGs are still stable.

6.2 Case 2: Two Paralleled 4 MW Wind Generators

After evaluating two paralleled Type-4 wind generators at a lower power level
(i.e., 30 kW) in the previous section, a higher power level (i.e., 4 MW) case will
be investigated in this section. The system configuration of two paralleled 4
MW Type-4 wind generators is basically same as that presented in Fig. 6.1.
Namely, two paralleled Type-4 wind generators are connected to a Thevenin
equivalent grid at the PCC. And the grid impedance can be changed to build
weak and strong grid conditions. Referring to [87], the parameters of a 4 MW
grid-connected PMSG is listed in Table 6.3.
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Fig. 6.8: Simulation results of two paralleled 4 MW GFL-PMSGs under grid voltage sag from 1
to 0.2 p.u. (a) A strong grid case (SCR = 15); (b) A weak grid case (SCR = 1.5).

6.2.1 Paralleled GFL-PMSGs in Strong and Weak Grids

At first, two paralleled 4 MW GFL-PMSGs with the proposed control solution
will be studied in this section. A simulation model of two paralleled 4 MW
GFL-PMSGs is built to study their stability. The control parameters on the
MSC and GSC of the 4 MW GFL-PMSGs are same as that in Table 6.1.

The simulation results of two paralleled 4 MW GFL-PMSGs under grid
frequency drop cases are presented in Fig. 6.7. Since the simulation results of
two generators are the same, Fig. 6.7 only shows the results of generator 1.
In the beginning, given a 0.9 p.u. of power reference at the instant of 1.5s, the
active power reaches 0.9 p.u. after around 0.3 seconds. Then, after the grid
frequency is dropped to 49.2 Hz at the instant of 2s, the output power does
not change due to no frequency support function. However, the GFL-PMSG
can provide more reactive power in the weak grid case to support the grid
voltage, so the voltage magnitude at the PCC can be maintained nearly 1 p.u.

Moreover, the simulation results of two paralleled 4 MW GFL-PMSGs un-
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Fig. 6.9: Simulation results of two paralleled 4 MW GFM-PMSGs under grid frequency drop
from 50 to 49.2 Hz. (a) A strong grid case (SCR = 15); (b) A weak grid case (SCR = 1.5).

der grid voltage sag cases are presented in Fig. 6.8. Initially, the active power
is controlled to be 0.9 p.u. Then, the grid voltage is sagged to 0.2 p.u. and
lasts for 0.3 seconds. It shows that the GFL-PMSGs have the ability to ride
through the fault in either strong or weak grid cases. However, during the
fault recovery period, the proposed method has an overvoltage problem in
the weak grid case, which need to be studied further in the future. Further-
more, how to properly manage the input power and the output power to
minimize the dc-link voltage fluctuation should be considered in the future.

6.2.2 Paralleled GFM-PMSGs in Strong and Weak Grids

Afterwards, a simulation model of two paralleled 4 MW GFM-PMSGs with
the proposed control solution is built, where the control parameters are same
as that in Table 6.2. The simulation results of two paralleled 4 MW GFM-
PMSGs under grid frequency drop cases are presented in Fig. 6.9. Initially,
the active power is controlled to be 0.5 p.u. Then, the grid frequency is
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Fig. 6.10: Simulation results of two paralleled 4 MW GFM-PMSGs under grid voltage sag from
1to 0.2 p.u. (a) A strong grid case (SCR = 15); (b) A weak grid case (SCR = 1.5).

dropped to 49.2 Hz at the instant of 2s. It shows that the GFM-PMSG can
provide more active power to support the grid frequency. In addition, the
output current of each wind generator can be restricted within 1 p.u., so the
total output current of two generators are limited within 2 p.u. Consequently,
the converters can operate safely within the rated range of the current.

Moreover, the simulation results of two paralleled 4 MW GFM-PMSGs un-
der grid voltage sag cases are presented in Fig. 6.10. Initially, the active power
is controlled to be 0.5 p.u. Then, the grid voltage is sagged to 0.2 p.u. and
lasts for 0.3 seconds. The GFM-PMSGs have the ability to ride through the
fault in either strong or weak grid cases. In addition, the output current of
each wind generator can be restricted within 1 p.u. Thus, the converters can
operate safely within the rated range of the current. However, during the
fault recovery period, the proposed method has oscillation problems in both
weak and strong grid cases. This problem is still a challenge for the GFM
converters/wind generators. More exploration is worth doing in the future
to find a solution for this problem.
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Fig. 6.11: System configuration of 400 MW Anholt Offshore Wind Power Plant [88-90].

6.3 Case 3: Anholt Offshore WPP with Proposed
Control Solutions

After analyzing a simple case of two paralleled WT generators connected
to a Thevenin equivalent grid in previous sections, this section will study a
more complicated case of paralleled WT generators at a larger scale, and the
Anholt Offshore Wind Power Plant (WPP) is chosen to be a study case.

According to [88-90], the system configuration of Anholt Offshore WPP
is shown in Fig. 6.11, which includes an onshore substation, 85 km transmis-
sion lines, an offshore substation, and 12 strings connected with 111 WTs. To
simplify the analysis, String 1 with 9 WTs is chosen as an example for study
in this thesis. The detailed configuration of String 1 with nine WTs is shown
in Fig. 6.12, where the power rating of each WT is defined as 4 MVA [91]. The
detailed parameters of the 4 MW PMSG have been provided in Table 6.3. Be-
sides, in Fig. 6.12, "B33" represents the bus of 33 kV. vp33 denotes the voltage
at the 33 kV bus, and ip33 denotes the current through String 1.

Afterwards, the proposed GFL-PMSG and GFM-PMSG control solutions
will be applied to paralleled 4 MW WTs in Anholt Offshore WPP. More de-
tailed analysis will be provided in the following sections.
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Fig. 6.12: Selected study case of String 1 with 9x4 MW WTs in Anholt Offshore WPP.

6.3.1 Case Study of Anholt Offshore WPP with Proposed GFL-
PMSG Control Solution

In this section, paralleled GFL-PMSGs with the proposed control solution at
a larger scale will be discussed. Same as previous sections, the machine-side
dc voltage control approach is used to control the MSC, and the proposed
double-PLL-based impedance reshaping control approach is used to control
the GSC. A simulation model of nine paralleled 4 MW GFL-PMSGs in a study
case of Anholt Offshore WPP is built in MATLAB/Simulink. The control
parameters of GFL-PMSGs are same as that in Table 6.1.

The simulation results of nine paralleled 4 MW GFL-PMSGs in the study
case of Anholt Offshore WPP under grid voltage sag conditions is presented
in Fig. 6.13, where vpyg is the three-phase voltage at the 400 kV bus, vp33 is
the three-phase voltage at the 33 kV bus, and ip33 is the three-phase current
through String 1. Besides, Q1, P1, V1, g1, and iy are the output reactive
power, active power, dc-link voltage, d-component current, and g-component
current of the WT1. P, ~ Py are the active power of WT2 ~ WT9, respectively.

As illustrated in Fig. 6.13, initially, given a 0.9 p.u. of power reference for
each WT, the output active power of the WT1 ~ WT9 reaches 0.9 p.u. after
around 0.3 seconds. Then, the grid voltage is decreased from 1 p.u. to 0.2
p-u. gradually and lasts for 0.2 seconds. During the low-voltage (fault) pe-
riod, the d-axis current i; is reduced to zero and the absolute value of the g-
axis current i, is raised to 1 p.u. Meanwhile, the output active power of each
WT is reduced to zero since the maximum reactive power is provided. After
the grid voltage is recovered to 1 p.u., the output active power of each WT
follows the reference and returns to 0.9 p.u. Therefore, the GFL-PMSG with
proposed control solutions have the ability to ride through the low-voltage
fault. Besides, it shows good stability, steady-state and transient performance
in the study case of Anholt Offshore WPP. However, a fluatuation of the dc-
link voltage during the fault recovery period can be observed. How to reduce
the fluctuation of the dc-link voltage is worth considering in the future.
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Fig. 6.13: Simulation results of 9x4 MW GFL-PMSGs in selected study case of String 1 under
grid voltage sag conditions.

6.3.2 Case Study of Anholt Offshore WPP with Proposed GFM-
PMSG Control Solution

Afterwards, paralleled GFM-PMSGs with the proposed control solution at a
larger scale will be discussed. Same as previous sections, the machine-side
dc voltage control approach is used to control the MSC, and the virtual-
admittance-based GFM control approach with the proposed power-angle-
based overcurrent protection solution is used to control the GSC. A simu-
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Fig. 6.14: Simulation results of 9x4 MW GFM-PMSGs in selected study case of String 1 under
grid voltage sag conditions.

lation model of nine paralleled 4 MW GFM-PMSGs in a study case of An-
holt Offshore WPP is built in MATLAB/Simulink. The control parameters of
GFM-PMSGs are same as that in Table 6.2.

The simulation results of nine paralleled 4 MW GFM-PMSGs in the study
case of Anholt Offshore WPP under grid voltage sag conditions is presented
in Fig. 6.14. Initially, given a 0.9 p.u. of power reference for each WT, the
output active power of the WT1 ~ WT9 reaches 0.9 p.u. after around 0.2
seconds. Then, the grid voltage is decreased from 1 p.u. to 0.2 p.u. gradually
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Fig. 6.15: Simulation results of 9x4 MW GFM-PMSGs in selected study case of String 1 under
grid frequency drop conditions.

and lasts for 0.2 seconds. During the low-voltage (fault) period, the output
active power of each WT is reduced adaptively based on the grid voltage
amplitude. After the grid voltage is recovered to 1 p.u., the output active
power of each WT follows the reference and returns to 0.9 p.u. In addtion,
the output current of each WT is restricted within 1 p.u. (the total output
current of nine WTs is limited within 9 p.u.). Therefore, the GFM-PMSG with
proposed control solutions have the ability to ride through the low-voltage
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fault. Besides, it shows good stability, steady-state and transient performance
in the study case of Anholt Offshore WPP.

Moreover, the simulation results of nine paralleled 4 MW GFM-PMSGs in
the study case of Anholt Offshore WPP under grid frequency drop conditions
is presented in Fig. 6.15, where fgyq is the frequency of the grid voltage at
the 400 kV bus. Initially, given a 0.5 p.u. of power reference for each WT,
the output active power of the WT1 ~ WT9 reaches 0.5 p.u. after around
0.2 seconds. Then, the grid frequency is dropped from 50 Hz to 49.2 Hz
at the instant of 1.9s. The output active power of each WT is increased to
support the grid frequency. After the grid frequency is recovered to 50 Hz,
the output active power of each WT follows the reference and returns to 0.5
p-u. In addtion, the output current of each WT is restricted within 1 p.u.
(the total output current of nine WTs is limited within 9 p.u.). Therefore, the
GFM-PMSGs with proposed control solutions can protect themselves from
overcurrent under large grid frequency disturbances.

At last, it is worth mentioning that the selected study case of String 1
with 9x4 MW WTs in Anholt Offshore WPP is still a stronger grid case.
As the number of WTs increases, the grid strength will decrease. Another
case of Anholt Offshore WPP including String 1 ~ 12 with 111 WTs is worth
studying in the future. However, the calculation burden of that study case by
simulation will be heavy. Suitable model aggregation could be considered.

6.4 Summary

This chapter has studied paralleled Type-4 WTs with proposed GFL and GFM
control solutions in three cases. At first, a simple case of two paralleled
30 kW WTs connected to a Thevenin equivalent grid is evaluated. Then, a
second case of 4 MW WTs is investigated. The simulation results show that
two paralleled WTs with either proposed GFL or GEM control solutions have
good stability and transient performance in strong and weak grid cases. The
GFL-PMSGs can provide voltage support in weak grid cases, while the GFM-
PMSGs can provide frequency support during the grid frequency variation
period. Thus, the voltage and frequency stability requirements specified in
the grid code can be fulfilled. Besides, the WTs can also ride through the low-
voltage fault in either a strong or a weak grid case. However, the transient
performance during the fault recovery period is still unsatisfactory, which is
worth studying further in the future.

Afterwards, a more realistic case of nine paralleled 4 MW WTs in Anholt
Offshore WPP is evaluated. It shows that paralleled WTs with either pro-
posed GFL or GFEM control solutions have good stability, steady-state and
transient performance, which indicates that the proposed methods could be
potential control solutions for the WPP with Type-4 WTs.
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Chapter 7

Conclusion

The research outputs and main contributions of the thesis are summarized in
this chapter. Besides, some possible working directions in the future are also
listed in the end.

7.1 Summary of the Thesis

The main research focus of the thesis is to enhance the stability of GFL-based
or GFM-based wind generators to make them meet the requirements in the
Grid Codes and enable them to operate stably in either strong or weak grid
conditions. To this end, several challenging issues have been studied, and
some solutions have been proposed. The research outcomes of this thesis are
summarized as follows.

In Chapter 1, the main problems and challenges of existing wind gen-
erators connected to weak grids have been introduced. To address these
problems, the research objectives of the thesis are defined accordingly. On
one hand, an improved GFL control scheme based on original GFL control
scheme needs to be found. On the other hand, an effective GFM control
scheme needs to be invented to replace the existing GFL control scheme.

In Chapter 2, the instability reason of the conventional GFL inverter is dis-
cussed at first. Then, to enhance the small-signal stability of GFL inverters in
weak grid cases, a double-PLL-based impedance reshaping control approach
is proposed. With this proposed method, the small-signal stability limit can
be extended nearly to the static limit. Besides, the bandwidth of the PLL can
be designed higher when using this proposed method, which is beneficial
for enhancing the transient performance. Thus, both stability and transient
performance has been improved.

In Chapter 3, the small-signal stability of three typical GFM control ap-
proaches is compared initially. It is found that the virtual-admittance-based
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GFM inverter has better stability. Then, an SISO stability analysis approach
for the virtual-admittance-based GFM inverter is proposed, which can be
used for the parameter design of the virtual admittance. In addition, to ad-
dress the instability problems of GFM inverters with current limitations un-
der large grid disturbances, a power-angle-based adaptive overcurrent pro-
tection approach is proposed. With this proposed method, the GFM inverters
can operate stably under large grid frequency or voltage disturbances.

In Chapter 4, the machine-side dc voltage control approach and the grid-
side dc voltage control approach for PMSG-based Type-4 WT generators are
compared at first. It is found that the machine-side dc voltage control ap-
proach has better performance in weak grid cases. Then, the small-signal
impedance models of GFL-PMSGs and GFM-PMSGs are built, and the corre-
sponding impedance characteristics are analyzed. It is found that the PMSG
plus MSC in Type-4 WT generators can be simplified to be an ideal voltage
or power source, where the model is still accurate from the small-signal per-
spective. Thus, the simplified model can be used to evaluate a larger-scale
system, which is beneficial for shortening the simulation time.

In Chapter 5, the small-signal impedance modeling of DFIG-based Type-
3 WT generators is studied. To build the full-order small-signal impedance
model, a two-port-network-based decoupled impedance modeling method
for Type-3 wind generators is proposed, which is effective for both GFL-
DFIGs and GFM-DFIGs. With this proposed modeling method, the impact of
the RSC, GSC, and dc-link coupling can be analyzed separately.

In Chapter 6, two paralleled Type-4 WT generators under strong and weak
grid conditions are investigated. It is found that the paralleled WT generators
with either the proposed GFL or GFM control solutions can operate stably,
which can basically meet the requirements specified in the Grid Codes. Fi-
nally, a more realistic study case of String 1 in Anholt Offshore WPP is used
to evaluate the performance of the proposed control solutions. The simula-
tion outcomes show good stability, steady-state and transient performance
of paralleled Type-4 WT generators with the proposed control solutions at a
larger scale.

7.2 Main Contributions

According to the research outcomes above, the main contributions of the
thesis can be summarized as follows:

¢ The maximum power transfer capability of the grid-connected inverter
system with different SCRs and grid impedance characteristics is an-
alyzed quantitatively, which shows the potential maximum stability
boundary of the system [J1].
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A double-PLL-based impedance reshaping control scheme is proposed
to enhance the small-signal stability of GFL inverters in weak grid cases.
With this proposed method, the bandwidth of the PLL can be designed
higher to improve the transient performance [J2].

¢ A simple SISO small-signal stability analysis method for GEM inverters
with virtual admittance control is proposed, which can be used for the
parameter design of the virtual admittance [C5].

* A power-angle-based overcurrent protection method for GFM inverters
is proposed to protect the inverters under abnormal grid conditions.
With this proposed method, the GFM inverters can operate stably un-
der large grid voltage or frequency disturbances. Besides, the output
current is able to be restricted within 1 p.u. effectively [J3].

* A two-port-network-based decoupled impedance modeling method for
the Type-3 wind generation system is proposed. With this proposed
method, the full-order small-signal impedance model of the Type-3
wind generation system can be built [J5].

* A larger-scale Type-4 wind generation system in a more realistic case
of Anholt Offshore WPP is evaluated. The analyses show good stabil-
ity, steady-state and transient performance of wind generators with the
proposed GFL or GFM control solutions, and they can be scaled up to
even larger systems.

7.3 Future Work

Currently, the topic of "Modeling, stability, and control of wind power gener-
ation systems connected to weak grids" is still a challenging in the research
field, which needs the collaboration of people with different background.
Therefore, one Ph.D. project may not be enough to address all the challenges.
In this Ph.D. thesis, only some challenges regarding the small-signal mod-
eling and stability of Type-3/Type-4 WT generators under symmetrical grid
conditions have been addressed and solved. Aside from the work in this the-
sis, some possible work are worth studying further in the future, which are
listed as follows:

* When studying the PMSG and DFIG-based wind generation systems,
the rotor speed of the generator is assumed to be constant in this thesis.
However, to have a more realistic analysis results, the mechanical part
including the WT model, gear box, and drive train system needs to be
considered, which is important to be studied in the future.
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As for the power grid, only the symmetrical three-phase grid case is
considered in this thesis. In the future, the asymmetrical grid cases
(e.g., single-phase grid fault) are worth being studied further. In that
case, only considering the positive sequence voltage and current is not
enough. Namely, the negative sequence voltage and current also needs
to be taken into account.

As for the grid impedance, only the inductance-dominated case is con-
sidered in this thesis. In the future, the resistance-dominated case or
the capacitance compensation case is worth being investigated.

In this thesis, energy storage systems are not included in the WT gen-
erator. The impact of energy storage systems on the WT generator is
worth being investigated in the future in order to achieve the GFM con-
trol more flexibly.

In this thesis, only the case of pure GFL wind generators or pure GFM
wind generators is studied. The case of mixed GFL wind generators
and GFM wind generators is worth being explored in the future in
order to achieve an optimal mixed solution.

This thesis mainly focuses on the small-signal stability of grid-connected
wind generators. In the future, the large-signal transient stability of
wind generation systems is worth being explored, especially for the
recovery moment of the low-voltage fault.

Type-4 WT generators with the proposed GFL and GFM control solu-
tions have been studied thoroughly in the thesis. However, the effect
of the proposed control solutions on Type-3 WT generators needs to be
analyzed further in the future.

The stability of paralleled WTs at a farm-level (e.g., more than 100 WTs)
is an interesting research topic, which needs to be studied in the future.

Further improvement of the developed model to meet other require-
ments specified in the Grid Codes needs to be done consistently.
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