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Abstract

In recent years the interest in environmental protection and energy sustainability has
steadily increased; this fact has promoted research activities, and projects focused on
non-conventional renewable energy (NCRE) sources as a replacement for fossil fuels. In
this context, NCRE-based technologies offer a solution for integrating distributed energy
resources where the Microgrid (MG) concept has been introduced to facilitate the
integration of a large number of micro-generators, energy storage units and loads. This
integration is enabled by power electronic converters, and therefore there is an increase
in the number of these devices in the modern electrical power systems. The proliferation
of power electronic-based systems will inevitably affect both the power quality and the
stability of electrical systems which have power electronic interfaces. In this context, two
key issues that need to be addressed are the following: (i) the imbalances and harmonics
inherently present in MG due to the random nature of loads and (ii) since MGs are weak
systems, the stability between the power electronic-interface and the Point of Common
Coupling (PCC). These two critical issues in MGs are studied in this thesis. The former
is analysed considering 4-leg systems while the latter is studied considering a 3-leg
system. The 3-wire system is used for developing a methodology to study the effects of
the weak nature of MGs on a simple system. As future work, this methodology can be
modified to analyse specific control schemes proposed in this thesis to manage
imbalances and harmonic in MGs.

To manage imbalance and harmonic issues in 4-leg MGs, two approaches are
proposed. First, a novel methodology based on the application of a 4-leg shunt Active
Power Filter (APF) is proposed. The control for the compensator is based on the

Conservative Power Theory (CPT) augmented by resonant controllers. Experimental



validation of the APF will be performed with a focus on the transient behaviour and on its

performance when frequency variations occur. In the second approach, a cooperative

control scheme based on the CPT is proposed for sharing imbalances and harmonics in
three-phase four-wire droop-controlled systems. With this approach, it is demonstrated
that the CPT can be an effective tool to develop imbalance sharing algorithms in isolated

MGs.The behaviour of proposed control schemes is demonstrated using experimental

prototypes deployed in a laboratory scale 4-leg MG, and using unbalanced and distorted

conditions of a real isolated MG located in Canada.

To study how the weak nature of MGs affect the stability of the interface between a
converter and the PCC, a stability analysis focused on the phase-locked loop (PLL) has
been undertaken based on a simple dg model proposed in this thesis. The aim of this
proposal is to understand the effect of the weak nature of the MG (measured with the
short circuit ratio) and the PLL bandwidth on the stability of the system. The system
studied corresponds to a 3-leg converter connected to a balanced three-phase weak grid.
The performance of this method is validated through simulation using Plexim PLECS
software, and experimental validation using a laboratory-scale system is performed.

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

e In microgrids, relatively large variations in the electrical frequency may occur. The
sensitivity to grid frequency variations is a known limitation of the CPT, and this work
proposes and validates an implementation approach that shows the limited impact of
frequency variation on the APF performance.

e The CPT is applied to 4-wire systems considering full control of the 4 legs in the APF,
to regulate the positive, negative and zero sequence voltages synthesised by the
power converter. This includes the operation of the CPT compensator with single-

phase non-linear loads.



The proposed sharing algorithm uses a novel approach based on the CPT
methodology that can be used to implement a simple identification of the balanced,
unbalanced and non-linear components of the currents and powers. Separation of
the sequence components is not required. This produces a more robust imbalance
sharing algorithm, particularly because most of the sequence separation algorithms
are strongly affected by noise, harmonic distortion, small variations in the sampling
time, etc.

A very simple method to share harmonic distortion between the generation sources
is realised considering the application of the CPT transform. In this thesis, this
methodology is discussed and experimentally validated.

A control algorithm is proposed based on the CPT which is very robust to issues such
as distortion, noise, changes in the sampling time etc. As is demonstrated in this work,
it is very simple to extend the proposed methodology to include harmonic distortion.

A systematic PLL design process is proposed to be used in weak grids to ensure
system stability. This design process is based on a proposed low-complexity small
signal model of the system in the dq reference frame. Based on this proposal, it could
be possible (in future work), analyse the effects of the weak nature of MGs on the

performance of the CPT-based controllers proposed in this thesis.



Acknowledgements

The work presented in this thesis would not have been possible without the of help
and support of my supervisors, colleagues, friends and family. To all of them, my most

sincere gratitude.

| want to thank Professors Doris Sdez and Roberto Cardenas who have guided me

since my undergraduate days. Thanks for your help, guidance, patient, and friendship.

I would also like to thank Professors Mark Sumner and Alessandro Costabeber for
their supervision and help during this Double Award PhD. My gratitude also to the people
within the PEMC group at the University of Nottingham for giving me a great stay in

Nottingham.

My colleagues and friends within the Microgrid Control Group and the Power

Electronics Group at the University of Chile were fundamental.

| gratefully acknowledge my sponsor, the National Commission for Scientific and
Technological Research (CONICYT) of Chile, who have given me an opportunity to study

in Chile and abroad (CONICYT-PCHA/Doctorado Nacional/2014-21140764).



This study was partially supported by the Complex Engineering Systems Institute
(CONICYT-PIA-FB0816), the Solar Energy Research Centre SERC-Chile
(CONICYT/FONDAP Project under Grant No. 15110019), the FONDECYT Chile (Grant
No. 1170683; “Robust Distributed Predictive Control Strategies for the Coordination of
Hybrid AC and DC Microgrids”) and the Basal Project FBO008, Advanced Centre for

Electrical and Electronic Engineering. Thanks a lot to all these institutions.

Special thanks to my wife Gabriela Valencia for her patience and continued support

throughout my studies. This could not have been completed without your love.

| would also like to thank my grandparents Rodolfo and Cesarea, thanks a lot for
raising me as their son and give me all their love. Moreover thanks to my aunt Marlene
and my brothers of life: Marcelo, Yannely and Zoe. Thanks to them for all their support

and good memories.

Finally, | would like to thank God for giving me life and strength to carry out this work.



Table of Contents

Chapter 1. INrOAUCTION. .......e e e e e e et e e e e e e e e aneenes 1
1.1 ProjeCt HYPOINESES......uuiiiiiiiiiiiiieeeee e eeennnnee 10
1.2 PrOjECt ODJECHIVES .....uuiiiiiiiiiiiieeieeie ettt ennnnnne 12
1.3 CONIDULIONS. ...ttt e e e e 13
1.4 TRESIS SITUCTUI....ccii ittt e e e e 16

Chapter 2. LIteratuUre REVIEW.........uuiiiiiiiie ettt e e e e et e e eaaans 17
2.1 Conservative POWET TNEOIY ........uuuuuiiiiiiiiiiiiiiieiiettieeeeeeiensssenensnsennenenneeeeeeenennees 23
2.2 Effects of the PLL bandwidth in weak grids..........ccccoeeiieiiiiiiiiiiii e, 27

Chapter 3. Proposed Unbalance and Harmonic Compensator............ccooevveeeeeeeeeeeeenn. 32
K Tt B 1o o[0T i o] o PO PTPP PP 32
3.2 SYSIEM UNAET STUAY .....vviiiiiiiiiiiiiiiieiiiiieiieiiieeeeeieebeeeeeeeeeeeeeeeeeeeeeeeeeesneeneeenennnees 33
3.3 Proposed CONtrol SYSIEM .......uuuuuuuueeeiieriteeiieeeerenesnnenenennnneneneernernnenrennernenneennnes 37

3.3.1 Control SYStEM DESIGN ... e 40
3.3.2 Current Components Supplied by the APF ... 45
3.4 Operating Condition of the Case-Study Microgrid .............ccuuvvviiinieeerrieeiiiinnnnn. 47
3.5  EXperimental RESUILS .........ouiiiiiiiiiiiiiiiiii e 49
3.5.1 Control System Performace for Unbalanced Operation ..............ccc........ 51
3.5.2 Control System Performance Considering a Non-Linear Load................ 54

vi



3.5.3 Operation of the Proposed 4-leg APF Considering Frequency Variations

3.54 Influence of the self-tuning resonant controllers on the behaviour of the APF

............................................................................................... 62

B G I O F= o) (=] g ©o ] [od 013 (0] o - F RPN 66
Chapter 4. Proposed Cooperative Imbalance Sharing Control Algorithm .................... 67
4.1 INITOOUCTION ...ttt 67
4.2 Unbalanced Power Sharing CONCEPL .......ccoovuiiiiiiiii i 68
4.2.1 Analysis of an Inverter Feeding an Unbalanced Load............................. 68
4.2.2 Two Inverters Feeding a Common Unbalanced Load ................cccvvveeeee 72
4.3 Proposed Imbalance Sharing Control Scheme............oooviiiiiiiiiivicceeee e, 74
43.1 Cooperative Sharing of Imbalance between Inverters.............cccceevvvvnenn. 77
4.3.2 Practical Implementation of the Proposed Scheme................ccoovvvvinnnnnnn. 79
4.3.3 Methodology to choose the PVUR set points for each inverter ............... 83
4.4  Simulation and Experimental RESUILS.............uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeiiieeeees 90
44.1 SIMUIALION RESUILS ......eeiiiiiiiiiie e 90
4.4.2 Experimental RESUIS........cooo e 98
4.5 Extension to harmoniC SNAriNg ..............ueueeumiemmiiiiiiiiieeneeeees 109

46 Comparison between the proposed control scheme and previous methods

(1] 0o i L= O SERTPPPRR 117

4.7  Chapter CONCIUSIONS. .......ii e e e e 124

Vii



Chapter 5. Proposed Small Signal Model to Study the Effects of the PLL on the System

) = 1 o 1 2SRRI 125
ST B 1 oo [0 Tox i o] o BT TP PPPRRRPPPON 125
5.2 Enhanced PLL DeSIgN PrOCESS.........uuuuuuiiiiiiiiiiiiiiirinienneiiinneennnnnnnnnennnnnnnnnnnnes 126

5.2.1 Proposed PLL Design for Weak Grids ...........cviiiiiieieiiieiiiiiii e, 126
5.2.2 System UNder STUAY .......c.oooiiiieiiicie e 128
5.3 Linearised State-Space MOdel .............oeeiiiiiiiiiiiiiiii e 130
53.1 Converter Model in the CRF .........uuiiiiiiiiiiiiiiiiiiiiiiieiiiieeieeeeeeeneeees 131
5.3.2 Converter Model iNthe ARF .......ooiiiiiii e 134
5.3.3 Steady State Operating POINES......cccooooiiiiiiiiiie e, 135
534 SYSTEM EQUATIONS. ...ttt eeenebeeeeeeeeeeeeene 137
5.35 Whole System MOEl.........coooooiieee 139
5.4  Stability Analysis and Simulation RESUILS..............euuviiiiiiiiiiiiiiiiiiiiiieieeiininns 140
5.4.1 Comparison Between Model and Simulation Results..............ccccevvveeen. 142
5.4.2 Eigenvalue ANalySis ... 145
5.5 EXperimental RESUILS .........uuuiiiiiiiiiiiiiiiiiiiiiiiiieiibeieeeiieeee e eeeeeneeeeeennees 150
5.6 Chapter CONCIUSIONS. ... .uuuuetueieeeeeeeruaeeeeneeeneeeeseeesnensnnseseennnnnessensnnssnennnnnnnnnnnnns 156

Chapter 6. Conclusions and FULUre WOrK ..............uueiiiiiiiiiiiiiices e e e 159
70 IR o  [od 1] To] o 1= ST 159
T U (U] £ 1Yo PSR 164
6.3 Publications Resulting from the Research............cccoooi i, 168

viii



Appendix A: Effects of discretisation methods on the performance of resonant

(070 011 {011 [T =TT 169

Appendix B: Code used to solve the optimisation problem introduced in section 4.3.3

............................................................................................................................... 170
Appendix C: Linearisation of a system represented in state space form................ 171
Appendix D: Transformation from af reference frame to dq reference frame........ 173
Appendix E: Comparison Between Proposed Model and Simulation Results......... 174
Appendix F: Participation Factor ANAlySIS .........ccooveeeiiiieeeeeeeeeeeeeeeeeeee e 177
6.3.1 Analysis for a SCR 0f 2.5942...........oouiiiiiii e 177
6.3.2 Analysis for a SCR Of 2.1652.......ccoooeiieeieeeeee 180
6.3.3 Analysis for a SCR Of 1.8577...ccoooeeiiieeieee e, 184
6.3.4 Analysis for a SCR Of 1.6265............ccuuiiiiiiiieeiieeiiee e 187
6.3.5 Analysis for a SCR Of 1.4463...........coouiiiiiiieeeeeeeee e 190

Appendix G: Damping of Modes 7 and 8 as a Function of the PLL BW and the Active

Current Injected INTO the Grid.........uuuuuiiiiiiiiiiiiiiiiiiiiiiiiebie bbb aeeeeeeenee 194

(R (=1 =) LTI TP 196



List of Figures

Fig. 1.1. Example of an AC MiICrOQrid .............uuuuuummmmmmiiiiiiiiiiiiiiiiiinesneieneeneeeeneeeeeeeeenee 2
Fig. 1.2. Example of the architecture of an EMS in a Microgrid...............ccccccuvvviiiinnnnnnnn. 2
Fig. 1.3. Schematic of the active power filter studied in this thesis.............ccccceeeeeeiiinnns 7
Fig. 1.4. Schematic of the aislanded MG studied in this thesis. ...........cccccciiiiiiiiinnnn. 8

Fig. 1.5. Schematic of the converter connected to a weak MG studied in this thesis. ....9
Fig. 3.1. Proposed compensation strategy for a 4-leg compensator connected to a
ISErDULION NEIWOTK. ...t e e e 34
Fig. 3.2. (a) grid-connected microgrid, (b) islanded-mode microgrid ................cceeeeenes 34
Fig. 3.3. Calculation of the compensating currents using the conservative power theory.
Only currents of phase-a are shown (iaa = iaab + iaau and ira = irab + irau).......... 36
Fig. 3.4. Proposed current control system (ira = irab + irau)..........ccccccvvvvvmnnnnnnnnnnnnns 39

Fig. 3.5. a) Pole and zero placement of the resonant part of the PR controller [see the

right side term of (13)]. Control system considering the plant and the converter. ......... 42
Fig. 3.6. Bode diagram of the CUIrrent SYSIEM. ............uuuuuimmimimiiiiiiiiiiiiiiiiiiiiieiieiiieeeeneees 43
Fig. 3.7. Unifiliar diagram of the case-study Microgrid. ..........ccccceeeiiiiiiiiiiiiiie e, 48
Fig. 3.8. Frequency variation in a real MG located in Canada................ccccuvvvviiiinnnnnnns 49

Fig. 3.9. Experimental system for validating the performance of the active power filter.

Fig. 3.10. Performance of the proposed APF imbalances produces by a linear resistive
load. a) Currents in the power supply (5A/50ms/div). b) current supplied by the power

compensator (5A/50ms/div). c) Amplified view of a) (5A/10Ms/div). ........covveiiiiieeniennnns 52



Fig. 3.11. Performance of the proposed control system for an unbalanced load-step. a)
Load currents. b) Power supply currents- Matlab data logging of the experimental
WAVETOIIIS. .ottt ettt ettt ettt ettt ettt ettt et e et e et e et e e eeeeeeeeees 53
Fig. 3.12. Performance of the proposed control algorithm compensating non-linear loads.
a) power supply currents with and without compensations (10ms/5A/div). b) Neutral
current corresponding to the test of Fig. 3.12(a) (20ms/5A/div). ¢) Currents supplied by
the APF to the PCC (10MS/AiV-5A/AIV). ....coovviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 55
Fig. 3.13. Spectral estimation of the power supply currents. a) Without compensation. b)
With the proposed 4-180 AP . ... 56
Fig. 3.14. Separation of the load current components using the CPT, a) load currents. b)
Balanced active current. ¢) unbalanced active currents. d) Unbalanced reactive currents.
€) VOIO CUITENES. ..ot 57
Fig. 3.15. Power supply currents corresponding to the experimental test of Fig. 3.14(a)
(LOMSIAIV-BATAIV). e e e e e e e e et eaaaaanaae 58
Fig. 3.16. Frequency profile used in this WOrK...........cccooiiiiiiiiiiiiiiii e, 59
Fig. 3.17. Effective (RMS) currents circulating in the programmable power supply. a)
Power supply neutral current with and without enabling the active power filter. b) Power
supply phase currents considering the active filter enabled. ............cccccoeeiviiiiriiiiiinnnn. 61
Fig. 3.18. a) 5" harmonic produced by the load current of Fig. 3.14(a). b) 5" harmonic
component compensated in the power supply during a relatively fast frequency transient.
c) Amplified view of Fig. 3.18b. d) 7" harmonic produced by the load current of Fig.
3.14(a). e) 7"" harmonic component compensated in the power supply during a relatively
fast frequency transient. f) Amplified view of Fig. 3.18€. .......cooviiiiiiiii e 61
Fig. 3.19. Frequency profile at the POWEr SUPPIY .......uuuuummmmimimiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiaees 64

Fig. 3.20. Currents in the power supply before and after the activation of the AFP ...... 64

Xi



Fig. 3.21. (a) Current injected by the power supply to the load, in step 3 (2 - 48 rad/s)
when the APF is implemented using self-tuning PR controllers, (b) Current injected by
the power supply to the load, in step 3 (2r - 48 rad/s) when the APF is implemented
using non-self-tuning PR CONIOIEIS ........uueiiiiiiiiiece e e 65
Fig. 3.22. (a) Current injected by the power supply to the load, in step 3 (2 - 52 rad/s)
when the APF is implemented using self-tuning PR controllers, (b) Current injected by
the power supply to the load, in step 3 (2 - 52 rad/s) when the APF is implemented
using non-self-tuning PR CONIOIEIS .........ueiiiiiiiiiecce e 65

Fig. 4.1. Example of 4-leg converter feeding unbalanced load in an islanded microgrid.

.................................................................................................................................... 69
Fig. 4.2. Two inverters feeding an unbalanced load — unifiliar equivalent circuit. ......... 72
Fig. 4.3. Proposed control scheme of each four-leg inverter. ............ccccccvvvvviiiiiininnnnns 74

Fig. 4.4. Practical implementation of the proposed control scheme. (The inverter 1 was
USEA @S AN EXAIMPIE) ...ttt 81
Fig. 4.5. Details of the virtual resistance computation block shown in Fig. 4.4. (Only
INVEITET 1 0S SNOWN) ...eui et e et e e e e e e e e e ettt eseeaeaeenenes 81
Fig. 4.6. Implementation of the virtual impedance loop shown in Fig. 4.4. ................... 82
Fig. 4.7. Proposed secondary control scheme to regulate the voltage unbalance rate
(PVUR) at the PCC in isolated MGS........ccoooiieeeeeeeeeeeeeeee e 89
Fig. 4.8. (a) Active Power in the converters for the three steps studied, (b) Unbalanced
Power in the converters for the three steps studied. ............ciiiiiiiiiii s 92

Fig. 4.9. Inverters’ unbalanced output current waveforms at different simulation steps.

.................................................................................................................................... 93
Fig. 4.10. PVURs in the converters and at the PCC for the three steps studied........... 94
Fig. 4.11. RMS voltages of inverters and load around t = 9S............ccccovivieeeeiinniiiinnn, 95

Xii



Fig. 4.12. Instantaneous voltages of inverters and load around t = 9S .............ccccvveeee 95
Fig. 4.13. PVURs in the converters and at the PCC for the two steps studied. In step 2
the converters are feeding an unbalanced load, while in step 2 the converters are feeding
A DAIANCEA 10 ... 97
Fig. 4.14. (a) Active Power in the converters for the two steps studied, (b) Unbalanced
Power in the converters for the two steps studied. ...........ccoooviiiiii e, 97
Fig. 4.15. Experimental system. (Both converters are standard two-level converters) .98

Fig. 4.16. Scheme of the inner control loops implemented in the experimental system.

Fig. 4.17. Unbalanced current in the common l0ad..................oeviiieiii i, 100
Fig. 4.18. (a) Unbalanced power, (b) PVUR index in both inverters and load, (c)

unbalanced impedances evolution - Matlab data logging of the experimental waveforms.

Fig. 4.19. Active and Reactive Powers in both inverters before and after the activation of
the proposed control (captured by the data acquisition system of Tripahe units) — Matlab
data logging of the experimental waveforms. ............coooviiiiiii e, 102
Fig. 4.20. (a) RMS voltages at the output of inverter 1, (b) RMS voltages at the output of
inverter 2, (the load impact is applied to phase A) - Matlab data logging of the
experimental WaVefOIMS. .....u. e e e et e e e e e eaeens 103
Fig. 4.21. Performance of the proposed secondary control scheme in the experimental
test- SIMUIALION FESUILS.........ooviiiiiiiiieeiieeeee e 104
Fig. 4.22. (a) Unbalanced power for case 2, (b) PVUR in inverters and PCC— Matlab data
logging of the experimental WavefOormsS. .........cooo e 106
Fig. 4.23. Active and Reactive Powers in both inverters before and after the activation of

the proposed control — Matlab data logging of the experimental waveforms. ............. 107

Xiii



Fig. 4.24. (a), (c) - Output current in inverters 1 and 2 without the proposed control, (b),

(d) - output current in inverters 1 and 2 with the proposed control activated. (10A/div)

Fig. 4.25. (a) RMS voltages at the output of inverter 1, (b) RMS voltages at the output of
inverter 2- Matlab data logging of the experimental waveforms-. ..............ccccccvvvnnnne 108
Fig. 4.26. Practical implementation of the proposed control scheme for harmonic sharing.
(The inverter 1 was used as an example) ........coooeeeeeiieeieeeee e 110
Fig. 4.27. Details of the virtual resistance computation block shown in Fig. 4.26. (Only
INVEITET 1 0S SNOWN) ...euii e e e e e e e e e e e 110

Fig. 4.28. (a) Phase currents in the load, (b) neutral current in the load— Simulation results

Fig. 4.29. (a) Fourier analysis of the phase currents in the load, (b) Fourier analysis of
the neutral current on the load— Simulation results .............cccooeciiiii, 112
Fig. 4.30. Void Powers in both inverters— Simulation results ..............ccccccceeiiiiiinnnen. 113
Fig. 4.31. Fourier analysis of the phase currents in both inverters (step 1), (b) Fourier
analysis of the phase currents in both inverters (step 2) — Simulation results............. 114
Fig. 4.32. Neutral current at the output of each inverter in the two steps analysed—
SIMUIALION TESUILS ... 114
Fig. 4.33. Characteristics of the experimental non-linear load................ccccceevviinnnnn. 116
Fig. 4.34. (a) Void powers in both inverters, b) 5" harmonic current at the output of the
inverters before and after the activation of the proposed control, and c) THD of the voltage
at the output of the inverters — Matlab data logging of the experimental waveforms...117
Fig. 4.35. Proposed control algorithm for sharing imbalances in 4-wire MGs............. 120

Fig. 4.36. Control scheme for sharing imbalances in 4-wire MGs proposed in [7]...... 120

Xiv



Fig. 4.37. (a) Unbalanced power in both converters when they are controlled with the
proposed control scheme, (b) Unbalanced power in both converters when they are
controlled with the controller reported in [7]......coooeeeeeeeeee e 123
Fig. 4.38. (a) PVUR of the voltage at the output of the converters when they are controller
using with the proposed control scheme, (b) PVUR of the voltage at the output of the
converters when they are controlled with the controller reported in [7]...........ccceeeene. 123
Fig. 5.1. Basic small signal model of a dg-PLL. .........cccooiiiiiiiiii e, 127
Fig. 5.2. Flow-chart of the proposed PLL design scheme to be used in weak grids. .. 128

Fig. 5.3. Current controlled grid connected three-phase three-wire converter with dg-PLL.

Fig. 5.4. Projection of grid voltage in the inverter reference frame. .............cccccvvvvnnee 137
Fig. 5.5. Maximum active current that can be injected into the grid as a function of the
PLL bandwidth and the SCR of the grid — Comparison between PLECS simulation and
the proposed small signal model (Nominal active current = 18A).......ccccoeeeeeivvviiinnnnnn. 144
Fig. 5.6. Main eigenvalues of the proposed small signal model as a function of PLL
DandWidths and SCRS. .......cooiiiiiiii e 146
Fig. 5.7. Damping of modes of the proposed small signal model as a function of the PLL
bandwidth and the grid SCR. ...........uuiiiiii e 147
Fig. 5.8. Damping of modes 7 and 8 of the proposed small signal model as a function of
the PLL bandwidth and the active current injected into the grid...........cccccvvvvvviivinnnnn. 149
Fig. 5.9. (a) Schematic of the system studied in this chapter, (b) experimental system
implemented in the laboratory to validate the proposal discussed in this chapter....... 150
Fig. 5.10. Experimental results: (a) Maximum active current injected into the grid for
SCR=2.5942 and PLL bandwidth of 51.514 Hz (10A/div), (b) Same as a) but with

SCR=2.1652 (LOA/TIV). oveveeeeeeee e ee e eee e s et e s see e 152

XV



Fig. 5.11. Experimental results: (a) Maximum active current injected into the grid with a
PLL bandwidth of 40.723 Hz (10A/div), (b) Maximum active current injected with a PLL
bandwidth of 51.514 Hz (10A/div). (Converter protections activation means that a
contactor is opened for disconnecting the converter from the grid) .........ccccoooeeeeiiens 153
Fig. 5.12. Experimental results: (a) Maximum active current injected into the grid with
PLL bandwidth of 30.898 Hz (10A/div), (b) Maximum active current with PLL bandwidth
of 40.723 Hz (10A/div), (c) Maximum active current with PLL bandwidth of 51.514 Hz
(LOAVAIVY. ettt ettt 154
Fig. 5.13. Experimental results: (a) Maximum active current injected into the grid with
PLL bandwidth of 20.334 Hz (10A/div), (b) Maximum active current with PLL bandwidth
of 30.898 Hz (10A/div), (c) Maximum active current with PLL bandwidth of 40.723 Hz

(10A/div), (d) Maximum active current with PLL bandwidth of 51.514 Hz (10A/div). ... 156

XVi



List of Tables

Table 1.1. Maximum allowed Harmonic Current Injection according to IEEE Std. 1547-

1 1 TP UPPRTP 6
Table 3.1. Microgrid Operating CoNdItiONS............ccovviiiiiiiiiiiiiieeeeeeeeeeeeeeeeee e 48
Table 4.1. System Parameters in unit PM15F120" and unit PM5F42R™..........c............ 99
Table 5.1. System Parameters ... 142
Table 5.2. PLL DESIGNS ....cooiiiiiiiieeeeeeeeee e 142
Table 5.3. SCRs used in this iINVestigation...........cc..ccoiiviiiiiiiii e, 142

Table 5.4. Comparison between the proposed model and experimental system results
for a Short Circuit Ratio (SCR) equal t0 1.8577 ......covvvviiiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeee 153
Table 5.5. Comparison between the proposed model and experimental system results
for a Short Circuit Ratio (SCR) equal t0 1.6265 ...........cccovviiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeee 154
Table 5.6. Comparison between the proposed model and experimental system results

for a Short Circuit Ratio (SCR) equal to 1.4463 ...........oovviiiieiieeeeiieeieee e 155

XVii



List of Acronyms

APF: Active Power Filter

ARF: Actual Reference Frame

BEV: Battery Electric Vehicle

BPF: Band-Pass Filter

BW: Bandwidth

CPT: Conservative Power Theory
CRF: Converter Reference Frame
DG: Distributed Generation

DSP: Digital Signal Processor

ESS: Energy Storage System

EMS: Energy Management System
FPGA: Field-Programmable Gate Array
HEV: Hybrid Electric Vehicle

KVL: Kirchhoff’s Current Law

KVL: Kirchhoff's Voltage Law

LPF: Low-Pass Filter

LV: Low Voltage

LVUR: Line Voltage Unbalance Rate
MG: Microgrid

NCRE: Non-Conventional Renewable Energy
PCC: Point of Common Coupling

PI: Proportional-Integral

XVviii



PLL: Phase Locked Loop

PR: Proportional - Resonant

PV: Photovoltaic

PVUR: Phase Voltage Unbalance Rate
PWM: Pulse Width Modulation

RMS: Root Mean Square

SCR: Short Circuit Ratio

THD: Total Harmonic Distortion

VA: Volt-Ampere

VSI: Voltage-Source-Inverter

VUF: Voltage Unbalanced Factor

XiX



List of Terms Used in Equations

C,: Filter capacitor

D: Void power

E,,: Nominal voltage of the MG

Ef4q: dg components of the capacitor voltage in the converter reference frame
Ef4q: dg components of the capacitor voltage in the actual reference frame

G- transfer function of the PR controller

I44- Inverter output current in the converter reference frame (dq reference frame)
I74q: Inverter output current in the actual reference frame (dq reference frame)
I344- Reference values of currents in the converter reference frame (dq reference
frame)

gaq- Grid current in the converter reference frame (dq reference frame)
Igaq: Grid current in the actual reference frame (dq reference frame)
I¢144+ Current in the capacitor (converter reference frame)

I¢144- Current in the capacitor (actual reference frame)

igy: Balanced active currents (u = a,b,c)

ip,: Balanced reactive currents (u = a,b,c)

i;;- Unbalanced currents (u = a,b,c)

iyu- Void currents (u = a,b,c)

i?: Balanced current vector

i*: Unbalanced current vector

Ly: Inverter side filter inductor

XX



Ly Inductive component of grid impedance
N: Unbalanced power

N,.: Unbalanced power in converter “x”
P: Active power

p: Instantaneous power

Q: Reactive power

Rg4: Resistive component of grid impedance

'7dq- dg components of the grid voltage in the converter reference frame

'saq- A0 components of the grid voltage in the actual reference frame

Viaq- dg components of the voltage at the converter output (converter reference
frame)

Viaq: dg components of the voltage at the converter output (actual reference
frame)

W: Reactive energy

w: Instantaneous reactive energy

7 : Unbiased voltage

wy,: Nominal frequency of the MG

wnqt- Natural frequency

¢: Damping ratio

wpy . Frequency obtained by the PLL

Af: Perturbation in the angle between the converter and the actual reference

frame

0p;,: Phase obtained by the PLL

XXi



Chapter 1. Introduction

Generation of electrical energy based on non-conventional renewable energy (NCRE)
systems is an area that has motivated a large research effort in recent years. Factors
motivating this effort have been: (i) policies in most countries to promote green-energy
[1], for example the implementation of targets for greenhouse emissions [2], tradable
green certificates, tax credits, subsidies [1] etc., and (ii) NCRE-based technologies are
efficient solutions when distributed generation resources are available [3] [4]. In fact,
NCRE-based technologies offer a solution for integrating distributed energy resources
[4], as for instance, plug-in hybrid electric vehicles (HEVS), battery electric vehicles
(BEVs), and microgrids (MGs) [5]. In particular, MGs are considered to be effective
solutions for electrification in rural zones, industrial parks, commercial and institutional
campuses, and other places where distributed renewable resources exist [4] [6] [7].

A microgrid can be defined as a cluster of loads, distributed generation (DG) units and
energy storage systems (ESSs), which are connected to the main power system at the
point of common coupling (PCC) [1], as shown Fig. 1.1. All these units are usually
connected to the PCC through voltage-source-inverter (VSI)-based interfaces, and they
are managed by an energy management system (EMS) [8] [9]. The EMS is essentially a
control algorithm designed to regulate the power supply of each MG generation unit. This
is usually achieved by minimising a cost function in which operational costs, losses,
renewable energy forecasting, the status of the ESSs and DGs, etc. are considered [4]
[10]. Fig. 1.2, shows an example of an EMS implemented in a MG. Note that a MG can

operate in both grid-connected and stand-alone modes [11]. Moreover, the MG has to be



able to manage the transition between these two modes [1]. Note that MGs may be

considered as controllable entities with respect to the grid. (See Fig. 1.1 and Fig. 1.2)
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MGs can also be implemented as low voltage (LV) power distribution systems [9] [12]
[13]. Therefore, they need to have the capability of feeding single-phase linear and non-
linear loads using a three-phase 4-wire topology [14]. The neutral connection can be
provided by (i) zigzag or delta-star (A-Yn) transformers, which prevent the propagation of
the zero sequence component to the transformer primary winding; (ii) a three-leg split-
capacitor converter topology; (iii) a three-phase four-leg topology in which the neutral
connection is provided by a fourth leg in the (VSI)-based interfaces [15] [16]. For
microgrids, the latter option is usually considered the best as no large capacitors are
required, and full utilisation of the dc link could be achieved (using suitable modulation
algorithms) [16] [15]. Although this option is more suitable for MGs than the other
solutions, very few researchers propose methodologies for controlling these types of
power converter; this in the sense of managing power quality issues such as harmonics,
and zero and negative sequences, which could be produced by loads.

When a microgrid is implemented as a low voltage network, it is inherently an
unbalanced system. Indeed, in an LV network, there are two main issues: (i) it may have
asymmetrical impedances per phase and (ii) there is a constant switching on and off of
single-phase loads. Both issues could produce unbalanced loads [17]. In this context,
since the MG is an unbalanced electrical system, it produces oscillations in the
converter’'s DC-link. Also, in an unbalanced MG, neutral currents will circulate through
the neutral wire [18], which will produce (i) an increase of the losses in the distribution
grid, (i) a reduction of the efficiency of grid assets, (iii) overloading of the neutral
conductor, and (iv) malfunctioning of sensitive electronic equipment since the ground
voltage will also be fluctuating due to the large neutral line current [18] [19]. Moreover, if
a synchronous and/or a doubly fed induction generator-based micro-generator is

connected to the MG, unbalanced loading will result in a double system frequency (2w,)
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oscillating active power component which translates into an oscillating torque component
[17]. The latter will produce mechanical stress, torque pulsations and noise, affecting the
efficiency and lifetime span of these machines [20] [21]. Additionally, the authors in [21]
suggest that unbalanced loads affect the stability of the MG.

Typical loads connected to low-voltage MGs are usually computers, lighting ballasts,
appliances, battery chargers, etc. [19] [22] [23]. Most of these loads have nonlinear
behaviour, generating distorted load currents. In this situation, one of the most serious
problems produced by single-phase loads is zero-sequence third harmonic current
components (or triple order harmonics) that flow through the neutral conductor [18] [19].
This neutral current generates the same problems as those produced by unbalanced
loads and others, e.g. (i) harmonic interaction and harmonic resonance between the DG
inverters and the network [24] [25] (ii) harmonics that contribute to decreasing the
maximum load which can be drawn from DG units (resulting high loading levels and
possibly instability), and (iii)) since an islanded MG is a weak network, harmonic loads
could produce harmonic voltages, which could spread through the MG.

Another characteristic of MGs is their weak nature, which is produced because in
some cases renewable sources are installed in remote locations, far from the main power
grid. In other cases, renewables are connected to distribution feeders designed for a
relatively low power rating, with transformers characterised by non-negligible impedance.
In the worst case, renewables contribute to the power generation in autonomous remote
MGs, typically powered by diesel gensets. In all these cases, the AC grid seen by the
inverters is weak. In this context, it has recently been reported that the Phase-Locked
Loop (PLL) algorithm used by inverters to synchronise to the grid affects the stability of

the system, leading to the disconnection of the inverter from the PCC [26] [27].



In short, imbalances, harmonic and weakness issues affect power quality and stability
of MGs, and consequently, must be taken into account to ensure robust microgrid
operation. These phenomena are quantified using indexes. Specifically, a common index
for measuring the degree of imbalance in an electrical system is defined by the European
Standard EN50160. This is named the Percentage Voltage Unbalanced Factor (%6VUF)
and is defined in (1) [17]. Harmonic distortion is measured using the Total Harmonic
Distortion (THD) index, which is presented in (2). In this equation, X could represent
either voltage or current, h corresponds to the harmonics order and, finally, X; is the
fundamental RMS component of the signal. In the MG context, there is the IEEE Std.
1547-2203 which establishes a MG operating mode to ensure good power quality from
DGs. It designates that for distributed resource technologies with an added capacity of
10MVA or less at the PCC, it should not exceed the injection of current harmonics shown
in Table 1.1 [17]. Finally, the level of weakness of a grid can be characterised by the

Short Circuit Ratio (SCR) which is shown in (3). In this index, V; is the line to line RMS
voltage at the PCC, Z, is the grid impedance, and P44 is the nominal power of the

converter. Based on the SCR, a weak grid is conventionally identified by a short circuit

ratio in the range 2 < SCR <3 [28] [29] and a very weak grid is when SCR< 2.

negative sequence voltage component 1)
%VUF = — x 100
positive sequence voltage component

()




Table 1.1. Maximum allowed Harmonic Current Injection according to IEEE Std. 1547-

2203
Individual h<11 11<h<17 17<h<23 23<h<35 h235 THD
harmonic
order h
Percentage 4.0 2.0 1.5 0.6 0.3 5.0
(%)
ng
SCR = ———
Zg'Prated (3)

In order for the microgrid concept to become widely accepted, it is necessary to ensure
that the quality of the power is within the recommended limits given in the IEEE Std. 1547-
2203, (and in the European Standard EN50160) and it is also necessary to ensure the
stability in the interface converter-PCC, specifically understanding how the PLL dynamics
affects this interface when the grid is weak. These issues have been studied in the

literature, and a summary of the methods to address them is next provided.

To manage imbalance and harmonics in a MG:

e The use of active power filters (APFs) to inject currents and/or voltages to
compensate imbalance and/or harmonics, which are present in the microgrid. In
particular, the use of APFs in shunt connection (see Fig. 1.3) have been widely
used in MGs [30] [31] [32] [33] [34] [35] [36] [37] [38] To use this topology, it is
necessary to have a power converter in the microgrid which can inject harmonics
and/or negative/zero sequences. Obtaining the unwanted current components
which need to be eliminated or reduced in the MG is required for using an APF.
In this sense, some methods reported in the literature for determining the
unwanted currents are: the p-q theory proposed by Akagi et al. in [31], the

modified p-q theory [32], the FBD theory [33], Lagrange multiplier-based
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decomposition [34], the estimation based on neural networks [35], the use
synchronous frame [36] [37], and the Conservative Power Theory (CPT), recently
proposed by Tenti in [30]. Among these methods, the most used for APF
applications are [38]: the p-q theory, the FBD theory, and recently the CPT. In
[38], a comparison among these three theories is performed, concluding that their
results are very similar under ideal conditions (strong grids). If these theories are
used in weak grids, it is suggested that both the p-q and the FBD theory produce
the phenomenon called “hidden currents” [31] [38] [39]. It means that currents
which are not present originally in the load are generated by these theories.
Certainly, this is an important drawback, especially in the MGs context, since an
MG is inherently a weak system [40]. The hidden currents are avoided when the

CPT is used [38].
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Fig. 1.3. Schematic of the active power filter studied in this thesis.

To embed imbalance and harmonic compensation capabilities in the control
algorithms of the converters that are already available in the MG, thus maximising
the utilisation of the hardware. In this scheme, additional hardware is not

required. It is worth considering that using the capability of the existing DG to
7



compensate harmonic and/or unbalanced distortions, involves two points of view:
the first is to achieve cooperative imbalance/harmonic compensation among the
inverters when the load is unbalanced and/or non-linear. The second is to
improve the unbalanced power load sharing among the inverters located in a MG
according to their power rating. This latter requirement is to prevent a
disconnection of an inverter due to overload. These control algorithms are
generally developed for parallel converters feeding a single common load. (See
Fig. 1.4)
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Fig. 1.4. Schematic of the aislanded MG studied in this thesis.

Stability of the interface converter-PCC with the focus in the PLL dynamics

Regarding the effects of the PLL on the stability of the system, specifically on the
interface between the power converter and the PCC (see Fig. 1.5), this is a well-
known phenomenon that has been addressed by several recent publications with
the common aim to provide models that explain the interaction between the PLL
and a weak grid. Based on these models, the stability of the system is studied

considering a certain level of weakness of the grid and a given PLL. Some tools
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used for studying the stability of the system are the Nyquist criterion, eigenvalue
analysis, among others. Studying the effects of the weak nature of MGs and the
PLL bandwidth on the stability of power converters connected to weak PCCs is

critical to prevent the power converters from tripping.
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Fig. 1.5. Schematic of the converter connected to a weak MG studied in this thesis.

In this thesis, the use of shunt active power filters and the use of the residual apparent
power (VA) capability of existing DGs in coordinated schemes will be investigated. This
is to address the imbalances and harmonics issues present in MGs. This study will be
based on a three-phase four-wire isolated Microgrid, which has not been completely
studied in the literature. Special focus will be placed on (i) studying the CPT to generate
references for a shunt connected compensator, (i) designing a methodology for
controlling multiple units in order to share imbalances and harmonics among the
converters which are part of the MG. To address the effects of the PLL bandwidth in the
stability between the converter and the PCC, a novel dg small signal model of the system
is proposed. Based on this model, the stability can be studied by analysing the
eigenvalues of the proposed model. This study is performed considering a 3-leg converter

connected to a balanced three-phase three-wire weak grid.



1.1 Project Hypotheses

The following are the working hypotheses that guide this research project:

e The Conservative Power Theory (CPT) can be used to generate reference
currents for a shunt active power filter implemented in three-phase four-wire
microgrids to mitigate both unbalanced and distorted currents generated by
unbalanced and non-linear loads present in MGs. This theory presents
advantages over the p-q theory, which is commonly used in active power filters.
These benefits are: (i) the CPT makes it relatively simple to separate the
unwanted current into several decoupled components, e.g. calculating which
components are produced by unbalanced or non-linear loads, and which are
caused by power supply distortion, and (ii) the “hidden” currents associated with
p-q power theory discussed in [31] [41] are completely avoided when the CPT is
used. Notice that in islanded MGs, the hidden current could be a serious problem
since it is a weak network [31]. Therefore, the use of CPT could improve the active

power filter performance, at avoiding the “hidden currents” issue.

e CPT can be used to develop cooperative control schemes, in which both
imbalances and harmonics can be shared among the 4-leg converters which are
present in a MG, according to their residual VA capacity. Based on the CPT, it is
possible to deduce a mathematical derivation to prove that the proposed controller
can effectively achieve the sharing of both imbalances and harmonics among

parallel converters feeding a single common load.
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A relationship between the CPT components and the positive, negative and zero
sequence components (at the fundamental frequency) could be derived. That

relationship could be extended to harmonic components.

A detailed stability analysis could be added with the design of the PLL algorithm.

Especially, to quantify the effects of the PLL bandwidth on the stability of a

converter connected to a weak grid.
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1.2 Project Objectives

The PhD research project aims to investigate imbalances, harmonics and weakness

issues which affect power quality and stability of MGs, and propose new methodologies

for facing and solving them. The research described in the thesis pursues the following

objectives:

To evaluate the CPT-based APF performance in steady state, transient states,
and the decoupling of unbalanced and harmonics effects.

To derive a small signal model for studying the stability of a converter connected
to a three-phase three-wire weak grid concerning the PLL dynamics.

To design and implement a shunt active power filter (APF) based on the
conservative power theory (CPT) for an isolated three-phase four-wire laboratory
prototype microgrid.

To design a cooperative imbalance/harmonic sharing control scheme based on
the CPT to be used in an isolated three-phase four-wire MG.

To evaluate the performance of the cooperative control scheme in steady state,
transient states, decoupling of unbalanced and harmonics effects using a
microgrid prototype.

To validate the proposed small signal model using experimental testing.

12



1.3 Contributions

This thesis aims to investigate control algorithms and topologies to address the power
quality issues related to imbalances and harmonics in MGs and investigate the effects of
the weak nature of MG on the control of the power converters. Regarding imbalance and
harmonic issues, two approaches are investigated: (i) the use of active power filters to
compensate unbalanced and distorted currents produced by loads, and (ii) the use of
cooperative controllers to improve the sharing of imbalances and harmonic currents
among the converters in a MG, according to their residual VA capacity. To study the
effects of the weak nature of MGs on the previous two approaches, a methodology for a
simple controller is studied, and its extension, as future work, to look at the specific CPT-

based controllers discussed in this thesis is proposed.

The following are considered “contributions to knowledge” resulting from this thesis.

Active Power Filters:

e In this thesis, the CPT is applied to 4-wire systems considering full control of the 4
legs in the APF. Unlike previous publications where a four-leg converter is controlled
using a fixed duty cycle of 50% in the fourth leg (see [42]), in this thesis, full utilisation

of the dc link is achieved using proper modulation algorithms and control systems.

e An important remark related to the practical implementation of the CPT algorithm is
the impact of grid frequency variations. In previous publications [42] [43] [30], moving

average filters must be made frequency adaptive using the frequency measured by a
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phase-locked loop (PLL). This leads to a considerable computational burden that
might reduce the attractiveness of CPT-based filters. In this thesis, a different
approach has been considered: rather than implementing highly selective and
adaptive filters, fixed filters with lower selectivity have been adopted. Considering that
the range of frequency variations is expected to be narrow, the impact on filtering will
also be limited. This choice simplifies the structure of the CPT algorithm, with limited
impact on the effectiveness of the algorithm, as demonstrated in the experimental

results under grid frequency transients.

The current control is realised using seven paralleled-connected self-tuning resonant
controllers in each phase. The tracking of the resonant frequency is realised using a
tuning algorithm, based on the real-time discretisation of controllers implemented

using the bilinear transform with frequency prewarping.

Cooperative imbalance sharing method:

The proposed sharing algorithm uses a novel approach based on the CPT
methodology that can be used to implement a simple identification of the balanced,
unbalanced and non-linear components of the currents and powers. Separation of

the sequence components is not required.

A simple method to share harmonic distortion between the generation sources is
realised considering the application of the CPT transform. This methodology is

discussed and experimentally validated.
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To the best of the author's knowledge, there is only one paper where a control
scheme for cooperative imbalance sharing in 4-wire MGs is discussed (see [44]).
The other control schemes are proposed for 3-wire MGs. The control system
discussed in [44] considers sequence separation, which could be a drawback
because most of the sequence separation algorithms are strongly affected by, noise,
harmonic distortion, small variations in the sampling time, etc. [45] [46]. Moreover,
the application of the scheme proposed in [44] to a system with relatively high
harmonic distortion could be difficult to realise considering (i) the complexity of the
extraction of the main harmonics and (ii) the harmonics extraction is sequence-
separation-dependant. The control algorithm proposed in this work is based on the
CPT which is very robust to issues such as distortion, noise, differences in the
sampling time etc. As is demonstrated in this thesis, it is very simple to extend the

proposed methodology to include harmonic distortion.

Effects of the PLL in weak connections

A systematic PLL design process is proposed for use in weak grids to ensure system
stability. It is based on a proposed low-complexity small signal model of the system

in the dq reference frame.

A comprehensive study of the effects of PLL bandwidth on the system stability is

performed. These effects are also studied for different levels of grid weakness.
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1.4 Thesis Structure

The rest of this work is divided into six chapters as follows:

Chapter 2: In this chapter, an extensive literature about power quality and stability
issues in microgrids is reported and discussed.

Chapter 3: The proposed control algorithm based on the CPT for a shunt active
power filter is introduced, explained and experimentally validated. Additionally, a
literature review for APFs is presented.

Chapter 4: The proposed control algorithm based on the Conservative Power
Theory for cooperative sharing of imbalances and harmonics in 4-wire MGs is
presented. The mathematical framework of this method is reported, and both
simulations and experimental validations are performed which show the
effectiveness of the proposed control algorithm. Moreover, a literature review
about cooperative methods to manage imbalances and harmonics is presented.
Chapter 5: The proposed scheme to design a PLL to be used in weak grids is
reported. This design procedure is based on a low-complexity model developed
in the dq reference frame. In this chapter, the mathematical derivation of the
model is performed, and the effectiveness of the proposed design scheme is
validated through both simulation and experimental tests. A literature review with
a focus on works that study the effects of the PLL on the system stability is
provided.

Chapter 6: The conclusions of this PhD Project and an outlook to the future

research on these topics are presented in this section.
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Chapter 2. Literature Review

Power systems are undergoing a paradigm change, moving from centralised
distribution to distributed generation including microgrids (MGs) and smart grids. In
distributed generation systems it is expected that a relatively high penetration of electrical
energy provided by Non-Conventional Renewable Energy (NCRE) sources of intermittent
nature will be present, usually connected to the MG using power electronic converters
which can affect the stiffness of the network. Droop control is one of the methods typically
used to share active and reactive power between these generating units [11] [47] and
this may lead to some variations in the microgrid fundamental frequency: this must be
considered when designing control systems for MGs.

A MG could be implemented as a low voltage power distribution system operating in
grid-connected or islanded mode [13] [48] [49] feeding single-phase linear and non-
linear loads, typically using three-phase 4-wire topologies [14] [50]. These inherently
unbalanced loads produce negative and zero sequence components in the currents and
voltages of the network. According to [20], the ratio of unbalanced to balanced loads will
increase in the future with higher penetrations of hybrid and electric vehicles, heat pumps,
etc. In this context, some well-known problems related to load imbalance could appear
[18]. For instance, negative sequence voltage components produce oscillations in the
torgue of induction machines and synchronous generators. This, in turn, may reduce the
efficiency and useful life of these machines [20] [21]. Other effects of imbalance are
localised heating in machines and power converters, and reduced loadability of
conventional synchronous generators (see [21] [51]) which affects the stability of the
MGs [51]. The zero sequence current flowing through the neutral wire can produce

additional problems such as overloading of the neutral conductor [18] [19] and
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malfunction of sensitive equipment due to ground voltage fluctuations if the current
flowing through the neutral wire is large and/or the impedance of the neutral connection
has a relatively large magnitude [18] [19]. In addition, the load served by a 4-leg MG
could be of non-linear nature [19][23] [52], generating distorted load currents which could
also diminish the loadability of the power generating sources in the microgrid.

Several solutions have been proposed in the literature to compensate imbalance and
harmonic distortion in MGs [25] [53] [54]. In particular, in this thesis two approaches will
be studied, these are: (i) the use of Active power Filters (APFs), and (ii) the use of
cooperative algorithms for sharing imbalances and harmonics among the converters
which are part of a MG. Both approaches will be studied using a three-phase four-wire
MG, and they are based on the Convervative Power Theory (CPT). The experimental
validation of these control systems and hardware topologies proposed in this thesis has
been partly based on the operating conditions of a real MG implemented in the north of
Canada. The values of Total Harmonic Distortion (THD), current imbalance, variations of
the load, etc. are based on the experimental data measured at this location. From this
data (see Table 3.1 in section 3.4) it is concluded that the zero sequence current
components can have a relatively large magnitude when a real case of an isolated
microgrid operating at a remote location is considered.

Active Power Filters (APFs) are considered appropriate topologies with several papers
discussing issues such as the design of APF’s passive components [14] [19],
compensation objectives [12] [20], serial and/or parallel connection of APFs [14], etc.
The performance of the APF is heavily dependent on the control system applied which is
usually based on a power theory, with many applications using the p-q or modified p-q
power theories [32]. However, one of the reported disadvantages of these methodologies

is their sensitivity to distortion in the signals and the generation of unwanted current
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components in certain operating conditions [55] [56]. Most of the previous publications
related to the use of active power filters in distributed generation are focused on 3-leg
applications without discussing the problems associated with low voltage distribution
systems which are mainly 4-wire systems. Therefore in this work, the control of a 4-leg
APF based on the Conservative Power Theory (CPT) is presented. Unlike previous
publication where a 4-leg converter is controlled using a fixed-duty cycle of 50% in the 4™
leg (see [42]) in this work full utilisation of the dc-link is achieved using proper modulation
algorithms and control systems. In addition, resonant controllers instead of controllers
with low dynamic response, e.g. those reported in [42] [57], are designed and
implemented in this application. Using a CPT based algorithm, it is relatively simple to
separate the unwanted current into several decoupled components, for instance
calculating which components are produced by unbalanced or non-linear loads and which
are due to power supply distortion (for accountability purposes [30] [43]). This is
important considering that a typical microgrid has several power converters interfacing
the intermittent NCRE sources to the MG. Therefore it would be advantageous to use the
residual VA capability of these converters to share the compensation of unwanted
currents. This, in turn, could reduce the rating of the APF.

On the other hand, cooperative sharing of active (P) and reactive (Q) power in
microgrids has been widely studied and can be achieved using the droop control method
[11]. However, there is no straightforward solution to collaborative sharing of imbalances
among inverters. Moreover, very few papers discuss collaborative control systems for 4-
wire microgrids which contain single-phase loads, where the imbalances are produced
not only by the presence of negative sequence components but also by the zero
sequence. In fact, the presence of unbalanced loads in a MG could produce voltages

imbalances at other points of the 4-wire system due to the circulation of unbalanced

19



currents through the line and converter impedances [44] [58] in the microgrid. To solve
the problems produced by imbalances, cooperative methods for sharing imbalances
and/or harmonics have been proposed [54] [59] [60] [61]. It means to embed imbalance
and harmonic compensation capabilities in the control algorithms of the inverters that are
already available in the MG, thus maximising the utilisation of the hardware [54] [59] [60]
[61]. For example, in [60] a cooperative method for compensating unbalanced voltages
at the inverters’ output is proposed. The goal is to use the remaining VA capability of the
converters as part of a negative sequence droop control scheme (called Q~ — G). The
compensation reference is injected at the output of the voltage control loop and thus can
be considered as a disturbance to be rejected by this control loop. Moreover, the
cooperative performance is affected by the line impedance and the droop coefficients. In
[54] the unbalanced output voltage of the inverters is compensated by adding a negative
sequence voltage component to their references. The paper proposes the direct change
of the voltage reference of the inverters to compensate the voltage imbalances in a MG.
In this case, the compensation reference is considered a command to be followed by the
voltage controllers. However, these references depend on the load characteristics, and it
is difficult to calculate them in MGs with a high number of converters and with variable
loads. In [61], a control method for reducing the voltage imbalances at the inverters’
outputs is proposed. The voltage compensation introduces negative sequence currents
through the current-controlled converters. This method is not suitable for voltage-
controlled converters. In [59] a method for compensating harmonics and imbalances in a
MG is proposed that modifies both the virtual impedance loop and the inner voltage
control loop. The method is effective; however, it is more suitable for a single DG
operation. Note that, the works of [54][59] [60] [61] are performed for three-phase three-
wire MGs, and they require an algorithm for sequence separation. This issue could be a
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drawback considering that sequence separation algorithms are affected by noise,
harmonic distortion, etc. [45] [46]. Moreover, in [54] [59] [60] [61] zero sequence
components are not considered because three-phase three-wire systems are studied.

The aim of the work discussed in [54] [59] [60] [61] is predominantly to achieve
cooperative imbalance voltage compensation among the inverters when the load is
unbalanced. Another interesting goal is to improve the unbalanced power load sharing
among the inverters located in a MG according to their power rating, to prevent a
disconnection of some of them due to overload and therefore to prevent stability issues
in the whole MG, especially under heavy load conditions. This aim can only be achieved
at the expense of increasing voltage imbalance at the inverter outputs as discussed in
[44] [58] [62]. Obviously, the maximum unbalanced voltage and voltage distortion allowed
in the microgrid has to be regulated to avoid power quality issues. For instance, using the
standards ANSI C84.1-2006 [63] (stating maximum voltage imbalances) and IEEE 519-
1992 [64] (stating maximum THD values). However, in the planning of a 4-wire microgrid,
the fact that not all the loads have the same sensitivity to the voltage imbalances should
be considered [65]. Therefore, buses, where sensitive loads may be located, have to be
subjected to more stringent voltage requirements than those buses where no sensitive
loads are connected. Therefore, imbalance sharing methods should be designed to fulffil
the voltage requirements of buses where sensitive loads may be located. Power quality
in other non-critical buses of the MG could be improved using a hierarchical control
system [58] [62] [65].

In the context of voltage imbalance control of microgrids considering sensitive and
non-sensitive loads, an algorithm to improve unbalanced current sharing for a three-
phase four-wire MG is proposed in [44]. Since the voltage quality could be degraded

when the proposed method is enabled, the authors proposed a decentralized control
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scheme to improve selectively the voltage quality in buses where sensitive loads are
connected. It is argued in [44] that critical loads should be placed close to inverters and
therefore the increase of voltage imbalance at the PCC when the proposed control
scheme is working, is not an important concern.

On the other hand, in [58] it is assumed that a sensitive load is placed at the PCC. A
method is proposed for improving the current sharing for both imbalances and harmonics
in a three-phase three-wire MG, and because the voltage imbalance is increased at the
PCC when the proposed method is enabled, the authors proposed a secondary control
scheme for improving the voltage quality at this point. In [44] [58] the use of a sequence
extraction algorithm is required. Cooperative imbalance sharing is achieved, defining
both negative and zero sequence impedances in [44], while in [58], only a negative
sequence impedance is used since a three-phase three-wire system is discussed.

Based on the literature review for APFs and cooperative algorithms, the objectives of
this thesis are:

In this work, the control of a 4-leg APF based on the Conservative Power Theory (CPT)
is presented. Unlike previous publication where a 4-leg converter is controlled using a
fixed-duty cycle of 50% in the 4™ leg (see [42]) in this work full utilisation of the dc-link is
achieved using proper modulation algorithms and control systems. In addition, resonant
controllers instead of controllers with low dynamic response, e.g. those reported in [42]
[57], are designed and implemented in this application.

In this thesis, a decentralized collaborative control scheme for sharing load imbalance
in a 4-wire MG is proposed. The term collaborative is used to indicate the capability of
each inverter to supply unbalanced power (as defined by the CPT in section 2.1) to the
load according to its residual power capacity, which changes with time. The control

scheme proposed in this paper is performed in the fixed abc coordinate reference frame,
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and sequence separation is not required. The Conservative Power Theory (CPT) [42]
[43] [66] [67] [68] is used as the theoretical framework to achieve imbalance sharing
among the inverters.

Due to in this thesis the proposal the shunt active power filter and the proposal related
to cooperative algorithms are based on the CPT, in the next subsection, this power theory

is discussed.

2.1 Conservative Power Theory

The CPT has been proposed as a new power theory to analyse distribution systems
and microgrids, where single-phase loads, non-linear loads, and strong harmonic
distortion could be present [43] [66]. Using the CPT, an orthogonal separation of the
unwanted current components can be achieved to allow selective compensation of them.
Moreover, the implementation of a CPT-based control algorithm can be realised in the
stationary a-b-c frame: it does not require a synchronous rotating reference frame [43].
The CPT has been discussed before (e.g. [43] [69]). However, for completeness, a brief
introduction is presented here.

To implement the CPT two instantaneous quantities are defined [43] [69]. The first is

the instantaneous power which corresponds to the scalar product:

p(t) =v-i= [Ua Up vc] : [ia ip ic]T (4)

The second is the instantaneous reactive energy defined as:

w(t) =70-i= [0, Dp O] [ig ip iC]T (%)
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where 7 is the vector containing the unbiased integral of the phase voltages. This vector

¥ is calculated as:

t

1 T
Uu =fvu(f)df_'7fu' Ufp = Tfo vu(r)dr, H
0

a,b,c (6)

@, 9

Notice that the index “u” (1 = a,b,c..) represents the variable per phase and the term

vy, correspond to the average component of each phase voltage integral. For the

application depicted in Fig. 3.1, phase voltages are measured with respect to the neutral
conductor at the PCC [43]. Considering the mean values of (4)-(5), the active power (P)

and reactive energy (W) are defined as:

T T
P—1 | dt W—1 D-idt
—?J“U l —va l
0 0

(7)

It should be highlighted that definitions (4)-(7) hold irrespective of voltage and current
waveforms, provided that they are periodic [43] [69]. Moreover, it is important to note that
in sinusoidal conditions, the active power P given by (7) coincides, at any moment, with
the conventional active power definition (P.,,, = VIcose) [43] [69]. Conversely, the

reactive energy W shown in (7) is related to conventional reactive power (Q.ony) through

the fundamental frequency w by the following relation: W = Qeony _ Vising, [43] [69]
w w

Based on (4)-(7), the load current i, (u = a,b,c) can be decomposed into five orthogonal

components. These are: (i) balanced active currents (igu), (i) balanced reactive currents
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(i?u), (iii) unbalanced active currents (ig,), (iv) unbalanced reactive currents (iy,) and (v)

void currents (i,,) [43] [69].

The balanced active currents are defined as:

(8)

suchthatV = /Vaz + V2 + V2 is the collective RMS value (Euclidean norm) of the voltage,

the parameter G? is the equivalent balanced conductance and P is the active power.

The balanced reactive currents are defined as:

b __ A ban
by = =50, =By, 9)
such that 9, is the unbiased voltage integral, V is the collective RMS value of the

unbiased voltage integral, B? is the equivalent balanced reactivity and W is the reactive

energy (see [43] [69]).

The unbalanced currents (ig, and iz,) are defined as:

i =iy + 1% = (G = G®)v, + (B, — B®)9, (10)

where the per-phase conductance and per-phase reactivity are defined as:
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Pu Wu
7 vz (11)

Note that the unbalanced currents (10) only exist if G, # G? and/or if B, # Bb, ie.
when the load is unbalanced. In single-phase circuit, the currents of (10) disappear. Note
that B, and W, (see (11)) are respectively, the active power and the reactive energy per
phase.

The void currents are the remaining currents that do not transfer active or reactive

energy and are given by:
b = lap = lry — by (12)

All the current components (i.e. if{w iﬁ’u, 4w try @nd i,,) are orthogonal [43] [69].
Moreover, based on the RMS values of currents and voltage, the CPT defines power
terms [43], where P = V - I? is the active power, Q = V - I? is the reactive power, N =V -
I* is the unbalanced power and D =V - I is the void power. Notice that the capital letters
| and V denote RMS values. The term [* is the RMS value of the sum of iy, and i7, [see
(10)]. Finally, the apparent power S, is related with the powers defined by the CPT
through the following expression: S? = P2 + Q2 + N2 + D?.

Finally, this paragraph discusses the definition of reactive power (W) given by the CPT
[see (7)] with the one given by Instantaneous Power Theory. First of all, it is important to
clarify that the definition of reactive power is not identical in all the power theories
published in the literature [31]. For instance, in the Instantaneous Power Theory, the
reactive power (Q.ony) is defined as the imaginary part of S =k -v-i¢, where k is a
scalar, and the superscript “c” indicates the complex conjugate operator (v and i are the
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voltage and current vector respectively). However, one of the main criticism to this
definition of the instantaneous power theory is that in some unbalanced operating
conditions a resistor bank can produce reactive power [31], and even when this is correct
in the context of the Instantaneous Power Theory, it is seen as “unnatural” by electrical
engineers. The conservative power theory uses a different definition. The Reactive
Energy (W), defined by (7), which represents the average of the energy stored by different
devices in the multiphase grid in generic conditions, including waveform distortions and
imbalances [43] [69]. As was discussed earlier in this chapter, under sinusoidal

conditions, the reactive energy (W) is related to the conventional reactive power (Q.onv»
; Qconv Vising ;
given by the Instantaneous Power Theory) by W = o= [43] [69]. If the reactive

energy W is compared with Q... the following conclusions can be established [70] [43]:
the reactive energy (W) does not generate any work (similar to Q.,y,,), and (ii) using the
reactive power definition of the CPT, a resistor bank does not produce reactive power.

(Unlike to Qconw)

2.2 Effects of the PLL bandwidth in weak grids

As was stated at the beginning of this thesis, MGs are weak electrical systems; this
feature may produce stability issues on the converters connected to them. To study the
effects of the weak nature of MGs on the control of converters connected to weak PCCs,
in this thesis, a methodology for a simple controller will be derived. This methodology will
be a start point for in the future study the effects of the weak nature of MGs in the
performance (for low SCRs) of the controllers, based on the conservative power theory,

proposed in this thesis (see chapter 3 and chapter 4). In particular, the study the effects
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of the stability of a converter connected to a weak grid as a function of the PLL bandwidth
and the short circuit ratio (level of weakness) will be performed in this thesis.

In the MG context, the Phase-locked Loop is fundamental to allow the integration of
renewable energy into the MG. Indeed, power converters are connected to the MG at the
Point of Common Coupling (PCC), and they are usually controlled as current or power
sources. To achieve this, both the frequency and angle of the current injected by the
inverter into the grid must be synchronised with the grid voltage measured at the PCC.
This synchronisation stage is usually based on a Phase-Locked Loop (PLL) [40]. Based
on that, and taking into account the weak nature of MGs, stability issues could appear. In
particular, it has been reported that the PLL dynamic affects the stability of the interface
between the converter and the PCC when the grid is weak [71] [72]. Based on this issue,
the study of the PLL dynamic, considering weak MGs is necessary to ensure the stability
of the control algorithms based on the CPT propose in this thesis.

The conventional and simplest PLL design process assumes: (i) a simple PLL small

signal model and (ii) an ideal grid with negligible impedance, i.e. Z, ~ 0. Based on these

assumptions, the parameters of the PLL controllers are obtained by Linear Time Invariant
(LTI design methods such as those based on the natural frequency and the damping

ratio. However, in weak grids with high Z;, stability issues caused by the PLL dynamics

could appear, leading to unstable operating modes that will ultimately cause the
disconnection of the converter due to the operation of the overcurrent and/or overvoltage
protections. Therefore, the PLL design process should be improved to account for non-
negligible grid impedances. In fact, when the grid impedance is high, the PCC voltage
depends on: (i) grid voltage, (ii) grid impedance and (iii) current injected by the inverter
into the grid. As a result, there is a coupling between the PLL and the grid [71] [72]. For

this reason, above certain grid impedance values, a PLL design neglecting the grid
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impedance produces unstable behaviour leading to loss of synchronisation. This is a well-
known phenomenon that has been addressed by several publications which aim to
provide models that explain the interaction between the PLL and a weak grid. These are
discussed below.

In [73], a model of a three-phase system in the dq reference frame considering the
effects of the PLL dynamics is proposed. The authors analyse the inverter output
impedance and conclude that a high PLL bandwidth increases the negative real part of
the impedance and therefore stability issues can appear [74]. The model presented in
[73] does not consider the effects of the duty cycle and the coupling terms in the current
feedback control. In [75], the model reported in [73] is improved by considering the
following effects: (i) coupling terms, (ii) duty cycle, (iii) voltage feedback control. It is
shown that the PLL bandwidth has an influence on the inverter output impedance Z,
(see [75]) which behaves as a negative incremental resistor. It should be noted that the
model reported in [75] is evaluated injecting only active power. Based on that, the authors
in [76] extended the model in [75] by considering the injection of reactive power and the
effects of a power control loop. Subsequently, in [77] the model reported in [76] is used
together with the generalised Nyquist criterion to study the stability of converters
connected to a weak grid with a focus on the PLL parameters. Experimental results
validated the proposed stability analysis. In [78], the authors propose an improvement in
the design of current controller parameters for an LCL-type grid-connected converter for
reducing the negative effects of the PLL bandwidth on the system stability when the grid
is weak. The proposed guideline for the current controller tuning is experimentally
validated. The authors in [26] [79] [27] use the dynamic phasor technique to derive an
average model of a single-phase inverter feeding into a grid. Based on this model, an
output impedance matrix is derived. It is concluded that the imaginary impedance Z,; (see
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[26]) is negative for low frequencies because of the presence of the PLL. The Nyquist
criterion is used then to predict the stability of the system under different values of the
integral gain of the PLL. In this model, only the first order phasors were taken into
account, and the zero order phasors were not considered, which leads to a reduction of
the model performance.

All the previously discussed works are based on the derivation of the output
impedance of the inverter in the Laplace domain and on the analysis of its dependence
on the PLL dynamics. The precision of these type of models is good. However, they are
not always intuitive, and their complexity is high. Additionally, the usual tool to analyse
stability issues is the Nyquist criterion and therefore it could be required to measure or
estimate the output impedances. An alternative approach is to model the whole system
in which the converter is connected and derive its state space representation, allowing
the utilisation of some of the well-known linear control methods associated with state
equations, e.g. eigenvalues analysis, participation matrix, state feedback, etc. In this
context, in [80] [81] a single-phase inverter connected to a weak grid is modelled in the
AC frame, and the PLL dynamics are considered. Since the model is derived in the AC
frame, it is linearised using harmonic linearisation techniques leading to a linear time-
periodic model. Then, the stability of the system is studied analysing the eigenvalues of
the transition matrix, deriving the stability boundaries. This model requires full knowledge
of the system. In [82], an impedance-conditioning term in the voltage used by the PLL to
improve the stability of the system is proposed. To validate the approach reported in [82],
a small signal model of the system in the dq reference frame is developed. However,
experimental validation of the method is not provided. The same is realised in [83], where
a model of the inverter in the dq reference frame is developed to analyse the performance

of the proposed current sharing controller. In [84], the authors modelled an islanded
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microgrid composed of two inverters with droop control and considering the PLL dynamic.
The accuracy of the proposed model is compared with both simulations and experimental
results, finding a good match. Although works [82] [83] [84] have developed small signal
models of the system considering the PLL dynamics, the main goals of these works were
not to study the effects of the PLL on the stability of the system. As a result, their use is
not straightforward, and their complexity is typically high. In this context, [29] proposed a
small signal model in the dq reference frame to study the impact of the short-circuit ratio
(SCR) and PLL parameters in a VSC-HVDC converter. The authors concluded that the
PLL parameters, particularly at low SCRs, greatly affect the stability of the converter.
Some comments about this work are: (i) validation is only based on simulations, and no
experimental validation is shown and (ii) to evaluate the effects of the PLL parameters,
the controller gains are changed but a rigorous procedure to obtain appropriate values
for these gains is not discussed.

Based on the literature review discussed in this section, it is concluded that the PLL
dynamics affect the stability of power converters connected to weak grids. For this
reason, in the context of MGs, which are inherently weak systems, it is essential to study
the effects of this weak nature on the stability of the power converters in the MG. The
latter to avoid stability issues produced by the weak nature of MGs on the control loops
of the power converters. Based on this observation, the objective of this thesis, in this
area is:

To study the effects of the PLL dynamics versus the level of weakness of the grid
(characterized by the SCR) for a simple application to develop a methodology to analyze
the stability of the proposed control algorithms based on the CPT discussed in this thesis.
Indeed, if those controllers are implemented in a weak MG, it is necessary to establish

stability boundaries in which they can work without affecting the stability of the whole MG.
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Chapter 3. Proposed Unbalance and
Harmonic Compensator

3.1Introduction

Four-wire microgrids and distribution systems are inherently unbalanced with the
presence of negative and zero sequence components in voltages and currents. In small
autonomous systems the imbalance, in addition to the harmonic distortion produced by
non-linear loads, can significantly affect power quality, loadability and stability of the
system. Furthermore, in isolated networks with significant generation from intermittent
renewable energy sources, the stiffness of the system is reduced, and this could amplify
the effects of imbalance on the stability and power quality. To mitigate some of these
problems, a novel methodology based on the application of a 4-leg Active Power Filter
(APF) is proposed in this chapter. The control of the compensator is based on the
Conservative Power Theory (CPT) augmented by Resonant Controllers. The behaviour
of the proposed system is demonstrated using an experimental prototype deployed in a
laboratory scale microgrid.

The rest of the chapter is organized as follows. In section 3.2 the system under study
is introduced. In section 3.3 the proposed control system for the 4-leg APF is discussed.
The operating conditions for the small microgrid in northern Canada are briefly described
in section 3.4. In section 3.5 experimental results obtained from a small prototype are
presented. Finally, an appraisal of the proposed methodology discussed in this chapter

is summarised in the Conclusions. (Section 3.6)
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3.2 System Under Study

The proposed compensating topology is shown in Fig. 3.1. On the left-hand side, the
Thévenin equivalent combination of the 4-leg power supplies, obtained at the Point of
Common Coupling (PCC) is shown. The linear/non-linear load and the compensator are
connected at the PCC. If an energy storage system is required, this could be connected
to the dc-link of the APF to provide active power to the MG. The system studied in this
chapter is shown in Fig. 3.1. It can be found in both grid-connected and islanded-mode
microgrids. In this context, Fig. 3.2(a) shows an example of a grid-connected MG. In this
case, the main grid imposes the frequency of the system and the voltage at the PCC. On
the other hand, Fig. 3.2(b) shows an example of an islanded microgrid. In this case,
(contrary to the grid-connected mode), the 4-leg converters impose both the frequency
of the system and voltage at the PCC; this is usually achieved through droop controllers
[11] [54]. In both cases, the proposed compensator shown in Fig. 3.1 can be placed at
the PCC (in shunt connection), to improve the quality of the currents that the power supply

[Fig. 3.2(a)] or the 4-leg converter [Fig. 3.2(b)] injects to the load.
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Fig. 3.1. Proposed compensation strategy for a 4-leg compensator connected to a
distribution network.
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Fig. 3.2. (a) grid-connected microgrid, (b) islanded-mode microgrid
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The implementation of the CPT used in this thesis is shown in Fig. 3.3. Voltage and
current transducers are used to measure the load currents and voltages at the PCC. In
this work, a Band-Pass Filter (BPF) is used to obtain the unbiased integral of the voltages
(i.e. [#, Dy D.]). Notice that this technique is widely used for the estimation of the magnetic
flux in electrical machines [85]. The BPF eliminates the dc component of the signals and
behaves as an ideal integrator for frequencies above ~3Hz (see [85]).

Low Pass Filters (LPFs) are used to obtain the average value of the power P and the
reactive energy W in each phase. The effective voltages and the Euclidian norms
required by the CPT algorithm are calculated in the block labelled “RMS Calculator”
shown at the top right of Fig. 3.3. This RMS calculator utilises a filter with a transfer
function equal to that used in the others LPFs shown in Fig. 3.3. This filter has been
designed with a relatively high cut-off frequency to avoid jeopardising the overall dynamic
response. It should be highlighted that low pass filters are going to have an impact on the
dynamic performance of the control system. However, filters are usually required to
implement control systems for APFs, because it is necessary to separate the wanted
from the unwanted current components. After separating them the unwanted current
signals could be compensated. Therefore, this is not an issue limited only to the
implementation of the CPT algorithm. Filters are also required when APFs based on the

instantaneous p-q power theory are implemented [31] [55].
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Fig. 3.3. Calculation of the compensating currents using the conservative power theory.
Only currents of phase-a are shown (i, = i2, + i%, and i,, = iZ, + i%).

As shown in the left-hand side of Fig. 3.3, the outputs of the CPT algorithm are the

b
Ty

currents [if{w Lot i;‘u,iw]. These currents are used to calculate the references
required by the current control.

An important remark related to the practical implementation of the CPT algorithm is
the impact of grid frequency variations. As discussed above, the calculation of the
unbiased integral (6) of the active power and reactive energy (7), and of the Euclidean
norms requires bandpass filters or low pass filters. In previous works [42], these filters
have been implemented using moving average digital filters, resulting in selective
frequency responses but highly sensitive to grid frequency variations. From a practical
perspective, moving average filters must be made frequency adaptive using the
frequency measured by a PLL. This leads to considerable computational burden that

might reduce the attractiveness of CPT based filters. In this work, a different approach

has been considered: rather than implementing highly selective and adaptive filters, fixed
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filters with lower selectivity have been adopted. Considering that the range of frequency
variations is expected to be narrow, also the impact on filtering will be limited. This choice
simplifies the structure of the CPT algorithm, with limited impact on the effectiveness of
the algorithm, as demonstrated in the experimental results under grid frequency
transients.

A final comment about the implementation of the CPT is related with the practical need
for complete current decomposition. If the APF is designed to fully compensate the load
non-idealities, only the balanced active components (8) of the load current must be
evaluated, and all the remaining unwanted components can be derived subtracting the
active balanced current from the load current. In this case, the computational burden of
the CPT algorithm will be much reduced. On the other hand, if the APF has small power
rating or the active filtering is performed using the residual power capability of distributed
generators, it might not be possible to compensate for the non-idealities in full, but an
external command could be sent to another APF or power converter (with residual VA
capability available) to demand for the compensation of a specific set of unwanted
components. For the sake of generality, this work addresses the case where a full current
decomposition is implemented, giving maximum flexibility in the selection of the
compensation objectives.

The capability of separating the unwanted signals into several orthogonal components
(which can be compensated using several power converters) is a very powerful feature

of the CPT algorithm described in (4)-(12).

3.3 Proposed Control System

The proposed control system, for one of the phases, is shown in Fig. 3.4. In each

phase, a Pl controller and seven resonant controllers have been implemented in a parallel
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topology. The PI controller is required to compensate the load dc-components produced
when non-linear loads such as diode rectifiers are connected to the MG. The control
system has been implemented in a-b-c coordinates.

The seven paralleled resonant controllers (per phase) shown in Fig. 3.4 correspond
to self-tuning resonant controllers. The tracking of the resonant frequency is realised
using a tuning algorithm, based on the real-time discretisation of controllers implemented
using the bilinear transform with frequency prewarping. As discussed in [86], this
discretisation method has important advantages, in terms of preserving the resonant
frequency accuracy, particularly when high-order harmonics have to be compensated.
Self-tuning adaptive algorithms for the bilinear transform with frequency prewarping have
not been discussed in the literature where most of the reported applications are based
on the conventional bilinear transform [87]. In appendix A, a comparison between the
effects of the use of the bilinear transform with frequency prewarping and other
transforms in the implementation of discrete PR controllers is presented. Finally, It should
be pointed out that self-tuning adaptive PR controllers have been proposed in this thesis,
since in islanded microgrids, variations in the electrical frequency may occur (see Fig.
3.8) [11] [62] [54].

Resonant controllers have been selected for this application because they can
regulate sinusoidal signals with zero steady-state error in a-b-c coordinates. Moreover,
they have a better dynamic response than that obtained with other control topologies
(e.g. repetitive controllers [57]). In each phase, a PI controller and seven resonant
controllers, tuned to regulate the fundamental and the 2", 3, 4t 5% 6" and 7" order
harmonics, have been implemented in this work. These frequencies have been selected

considering the harmonic distortion presented in the case-study microgrid discussed in
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section 3.4. However, in other cases, the elimination of more (or fewer) harmonic

frequencies could be desirable by parallel connection of more resonant controllers.
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Fig. 3.4. Proposed current control system (i,, = i2, + i%,).

Regarding implementation issues, it is well-known that Digital Signal Processors
(DSPs), has experienced an exponential development in processing power [88].
Therefore even when the proposed control algorithm, based on 21 self-tuning resonant
controllers, seems relatively complex it is simple to implement using a commercial DSP

with a good processing capability and suitable FPGA platforms. For instance, in [89] the
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authors have implemented high order resonant control systems using the low-cost Texas
Instrument processor, TMS320C6713 DSK augmented with an Altera FPGA board (see
[89]). A detailed analysis of implementation issues is considered outside the scope of this
thesis.

In a parallel topology, each resonant controller can be separately designed, assuming
that the response of each controller is selective and only alters the frequency response

around its resonant peak [90]. This simplifies the design procedure significantly.

3.3.1 Control System Design

The design and digital implementation of proportional resonant (PRs) controllers have
been broadly discussed in previous publications (see [86] [89] [90] [91]) and is briefly
summarised here.

In the s plane a PR controller, designed to regulate a current of frequency « can be

written as:

kijS
s2 + 2{wjs + w} (13)

Gej(s) = kyj +

where ( is the controller damping and k,;, k;; are the controller gains. Notice that (13) is
equivalent to the transfer function of a Pl controller when w; = 0.

The poles and zero of the resonant part of the PR controller [see the right side term

of (13)] are shown in Fig. 3.5(a). Notice that in this graphic w; is defined as w; = w,. Using
Fig. 3.5(a) and the pole-zero placement method is relatively simple to design the term

w, = {w; in order to achieve a given bandwidth [17].
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Assuming that the term w, in (13) is very small compared to w,, , the peak amplitude
(P) of the resonant part of the controller is obtained when s = jw,,. From Fig. 3.5(a) it is

also simple to conclude that for s = j(w,, + w.;) and s = j(w, — w.) the gain is reduced

in ~3db, corresponding to an amplitude value of P/+/2. Therefore, the term w, could be
used to set the band-pass of the resonant frequency and helps to modify the selectivity
of the PR controller of (13) (see [17]). In this work, w.=5rads™ has been selected and
this value allows the current control loop to achieve a good dynamic performance [17],
as demonstrated by the experimental results presented in this thesis.

The control diagram for design purposes is shown in Fig. 3.5(b). Assuming that each
controller could be separately designed and that the voltage at the PCC is an external
perturbation (unaffected by the operation of the APF), the following transfer function can

be derived from Fig. 3.5(b).

ira  Gej(s)Plant(s)e™>"s
i, 14 G.(s)Plant(s)e™5Ts (14)

41



.- & Controller
>N, | & Zero

A
]
L8

Controller
Pole

From

— Ya

. PCC Plant
ix % Controller vaf’ ST, é_ 1
a See (17) € + sLy + Ry

4-IegT
Converter

Ifa

Fig. 3.5. . a) Pole and zero placement of thte))resonant part of the PR controller [see the
right side term of (13)]. Control system considering the plant and the converter.

In (14), the term plant is defined as plant(s) = 1/(sLf + Rf) and ix is the current
injected by the active filter in the phase “a” (see Fig. 3.4) . Notice that L:, R are the
inductance and the resistance per phase (respectively) of the impedance connecting the
APF to the PCC. A delay of one sample in (14) is used to represent the transfer function
of the 4-leg APF. This delay is a simplified representation of the effects associated to the
power converter modulation algorithm.

Adding the transfer functions of the controllers depicted in Fig. 3.4, the transfer

function of the whole current control system (phase A) is obtained as:
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7

Var(s) B kijs ]
[i2(s) — ira(s)] = kpr + Z [52 + 2{w;s + a)jz (15)

j=0

where k,r = ¥ k,; is the overall controller gain. Notice that (15) includes the PI controller.

There are many control design methods reported in the literature for determining the
controller gains k,; and k;; [see (13)] [89] [90]. In this thesis, linear control tools such
as Bode Diagrams and Root Locus reshaping have been applied to design each of the
eight parallel controllers shown in Fig. 3.4. Assuming that the resonant controllers alter
only the frequency response around its resonant frequency, each controller (as shown in
Fig. 3.4) has been designed for a phase margin of at least 50 degrees and a bandwidth

of ~30rads™. The Bode diagram of the proposed control system is shown in Fig. 3.6.
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Fig. 3.6. Bode diagram of the current system.

)
O
o

In this thesis, the z-plane implementation of (13) is realised by applying the bilinear
transform with frequency pre-warping to (15). This discretisation method has been
selected because it preserves, with relatively good accuracy, the resonant frequency and
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the phase margin of the original design in the “s” plane [86] [90]. Therefore, the digital

version of (15) is obtained by replacing the Laplace operator “s” using:
w; (z - 1) hw, (z - 1) k (z - 1)
S = = = Tow: | —
tan (wj %) z+1 tan (hwe %) z+1 T\z+1 (16)

where w; (wj = hw,) is the j-th controller resonant frequency, Ts is the sampling period

and km]- is a non-linear function of the resonant and sampling frequencies. Replacing

(16) in (15), the z-plane transfer function of the current control system is obtained as:

var(2) _ - kijkij(Zz -1)
[e@ - ira@] " = (Zijkij +kiy, + wjz) z2 42 (a)jz - k%wj) z+ (k%wj +wf — wajkm,j) (17)
Defining:
Aop = kTw]kl] y h = 0, 1, ey 7 (18)
bon = ki, + (hwe)? — 20hwekry, , h=01,.,7 (19)
bun = 2 ((hwe)? — k) . h=01,..7 (20)
ban = 28hwekre; + kiw, + (hwe)? ., h=01,..7 (21)

Equation (17) can be rewritten as shown in (27).

* 7
@ Z[ apn(z* ~ 1)
e —ira(@)] 7 & |banz® + binz + bon (22)
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Note that (22) is the transfer function of a self-tuning resonant control system, which
can be used to maintain the control system tuned in spite of changes in the fundamental
frequency w,. In this thesis, the value of w, is estimated using a PLL (as shown in Fig.
3.4) and used to recalculate the values of the discrete coefficients aqp, bon, b1, @nd b,y
[using equations (16),(18)-(21)], updating the controller coefficients. To the best of the
author’'s knowledge, the implementation of self-tuning resonant controllers, using the

bilinear transform with frequency-pre-warping, has not been reported before.

3.3.2 Current Components Supplied by the APF

As shown in Fig. 3.3 and from (8)-(12), the CPT algorithm separates the load current
into five orthogonal components [igwi};ﬂ, iﬁ’u, i;‘u,iw]. It is assumed that the load active
balanced current if’m is supplied by the power source, and all the other components are
supplied by the APF. Therefore the unwanted current components being compensated
by the APF are obtained as:

Ly =gy + iy iy, 23)
where i, = iﬁ’u + i¥, [see (9)-(10)] and ig, are the unbalanced active currents [see (10)-
(11)]. If the dc-link capacitor of Fig. 3.1 is floating, the 4-leg APF has to supply the
converter losses from the grid. Therefore a balanced active current component has to be

added to (23). This is obtained as:

.b _ PdC
lap de = WUIJ (24)
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where Py is obtained from a Pl controller (as shown in Fig. 3.4). Using (23)-(24), the
current references are obtained as:
i = ity + by + o + 0y ac (25)

As shown in Fig. 3.4, the current references (iy, i, i;) are processed by 24 controllers

(8 per phase, see Fig. 3.4) generating three instantaneous voltages vgg, v, and vy
These voltages are modulated by the 4-leg converter using a sine-weighted PWM
algorithm implemented in the DSPACE experimental platform discussed in section 3.5.
In order to achieve full utilisation of the dc-link, a common voltage component is added
to the modulation signals of all the four legs, including the neutral leg. This additional
component is derived according to the well-known Min-Max algorithm using the

methodology proposed in [92] [93]. This algorithm is briefly summarised below:

The phase to neutral voltages v, ¢, v, and v;, are calculated as:

vaf =Vaz — vfz (26)
v;f = v;z - v}tz (27)
v:f = ng - U;Z (28)

where the subscripts a,b,c, f represent the four legs of the APF, and the subscript “Z” is
used to identify a fictitious neutral point which is located at a mid-point in the dc link

capacitors. The additional component v¢, of (26)-(28) is derived using the Min-Max

algorithm [92], where the common component added to each modulation signal is:
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. min(vaf*,vbf*,vcf*) +max(vaf*,vbf*,vcf*)
Vfz = — 2 (29)

This guarantees maximum line to neutral voltage generation capability, and therefore
maximum utilisation of the dc-link voltage, which is favourably compared to simpler
solutions where the 4" leg is modulated at 50% duty cycle, and the peak line to neutral
voltage is constrained to half the dc-link voltage [42]. It can also be shown that the Min-
Max method discussed in [92] [93] is equivalent to Space Vector Modulation and, as a
result, the line to neutral voltage could increase up to 15.4% when compared to the case

where a 50% duty cycle is used for the 4th leg.

3.4 Operating Condition of the Case-Study
Microgrid

To validate the performance of the proposed compensator, the operating conditions
of a microgrid located in the North of Canada have been analysed. The population of this
community is about 1000 inhabitants.

The microgrid power sources are three diesel generators (0.4 MW, 0.6 MW, 1 MW),
3x10 kW Bergey wind turbines, a 30 kW Wenvor wind turbine and a 10kW solar PV array.
Fig. 3.7 shows the single-line diagram of the microgrid power system. The operating
conditions, measured during the summer season are presented in Table 3.1. For the
experimental work, the unbalanced currents shown on this table were scaled, using per
unit analysis, to currents which could be handled by the experimental prototype built at

the Power Electronic Lab, University of Chile.
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It is important to highlight that the values shown in Table 3.1 were used to set the
minimum operating conditions for the proposed APF. However, in order to test the
performance of the proposed system considering the worst case situation, in some of the
experimental results discussed in the next section, higher values of THDs, than those
shown in Table 3.1, were used.

The frequency variation of the microgrid used as the case study in this work is shown
in Fig. 3.8. However, for the experimental work presented in this thesis, the base

frequency is set to 50Hz corresponding to the nominal frequency used in Chile.

NN gy
Py

0.4, 0.6, IMW
-0 3x10kw
( :) 30kw

eiml
)

CPT

Loads Compensator

Fig. 3.7. Unifiliar diagram of the case-study Microgrid.

Table 3.1. Microgrid Operating Conditions.

Description Values Units
Active power abc 458.41 kw

Reactive power abc 78.69 KVAr
Voltage RMS 605.09 V
Current a RMS 172.50 A
Current b RMS 333.07 A
Current c RMS 247.14 A
Current imbalance neg seq 18.70 A
Current imbalance zero seq 20.74 A
Currenta THD 7.49 %
Current b THD 5.63 %
Current c THD 5.25 %
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Fig. 3.8. Frequency variation in a real MG located in Canada.

3.5 Experimental Results

The control systems depicted in Fig. 3.4 have been implemented in the experimental
system shown in Fig. 3.9. In this work, an Ametek 4-wire programmable power supply
emulates the 4-leg power supply shown in Fig. 3.1. An Ametek 3-phase programmable
load of 9kW (left side of Fig. 3.9) is used to emulate linear/non-linear load profiles
replicating the operation conditions discussed in section 3.4. (See Table 3.1)

A 4-leg voltage source power converter, based on the Semikron SKM50GB123D IGBT
module, was used for this work. The control system shown in Fig. 3.4 is embedded in a
DSPACE 1103 platform. The computational time of the proposed control system
composed of resonant controllers, low-pass/band-pass filters, etc. is less than 50us,
which means that the proposed controller can be executed in one cycle of the system
shown in Fig. 3.9 ( T, = 200us). Hall effect transducers are used to measure the voltages

and currents (at the load) required for the implementation of the CPT algorithm shown in
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Fig. 3.3. A switching frequency of 5kHz?! is utilised in the 4-leg power compensator. To
analyse the power quality, a Hioki 3196 Power Analyser has been used in this work.
Optical fibre links are used to transmit the switching signals S.-S; (see Fig. 3.4)
required to modulate the voltages Va;, Vbz,Ve; and vi," in the 4-leg power converter. It
should be pointed out that the experimental system depicted in Fig. 2.8 was built by
Master student Carlos Hernandez [94]. In particular, | programmed the CPT algorithm in

that experimental rig, and | obtained the experimental results.

Programmable 4-leg Power
3¢ load Converter

o ——

Programmable Scope and DSPACE DS1103
Power supply Power analyser

Fig. 3.9. Experimental system for validating the performance of the active power filter.

1 This switching frequency is determined by the DSPACE platform
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3.5.1 Control System Performace for Unbalanced Operation

The performance of the CPT-based 4-leg APF compensating a linear unbalanced
system is shown in Fig. 3.10. An unbalanced 4-wire resistive load of 10Q, 19.6Q and
13.5Q has been programmed in the 3¢ load. With these resistors scaled values of the
load currents shown in Table 3.1 (i.e. 333.07A, 247.14A and 172.5A) are produced. The
power source is controlled to supply a balanced voltage of 120V peak, 50Hz. The dc-link
voltage of the 4-leg converter is regulated at 400V.

Fig. 3.10(a) shows the power supply currents. Notice that between 0s-0.25s the
compensator control system is disabled and the power supply current is heavily
unbalanced with a peak current (phase-A) of about 12A. In t=0.25s the control system is
enabled, and the APF supplies to the PCC the currents shown in Fig. 3.10(b), eliminating
unwanted components from the power supply currents.

Fig. 3.10(c) shows an amplified view of Fig. 3.10(a). Notice that the current waveforms
have little distortion and the dynamic performance is good. The APF compensates the

power supply currents with a settling time of about 30-35ms.
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Fig. 3.10. Performance of the proposed APF |mbalances produces by a linear resistive
load. a) Currents in the power supply (5A/50ms/div). b) current supplied by the power
compensator (5A/50ms/div). c) Amplified view of a) (5A/10ms/div).

The dynamic performance of the CPT-based control algorithm has also been analysed
considering a load step in one of the phases. For this experimental test, the results were
captured using a data acquisition interface. The experimental results are shown in Fig.

3.11. In this case, the APF control system is enabled for the whole test duration. Fig.

3.11(a) shows the step change in phase-B, where the phase to neutral resistance is
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changed from 19.6Q to 8Q (t=40ms) changing the phase-B current from 6A to 14A (peak).
The magnitude of this load-step variation has been selected based on the values of the
negative/zero sequence currents presented in Table 3.1. Notice that the peak currents in
the other phases (A, C and N) are not modified during this test.

Fig. 3.11(b) shows the power supply currents. After the load step, the APF
compensates the power supply currents in less than one cycle. For this test 5" order low-
pass filters with a cut-off frequency of 20Hz have been used in the implementation of the
CPT algorithm shown in Fig. 3.3 (see the block labelled LPF). The BPF filter is also
implemented using a 5™ order transfer function. As discussed in section 3.2, this BPF

eliminates the dc component and behaves as an ideal integrator for frequencies above

AN R

S
510 Xb) | | I ‘ N 1
1.‘1 1.‘15 1i2 Time1[.sl2]5 1.‘3 1.‘35 1.4

Fig. 3.11. Performance of the proposed control system for an unbalanced load-step. a)
Load currents. b) Power supply currents- Matlab data logging of the experimental
waveforms.
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3.5.2 Control System Performance Considering a Non-Linear
Load

To evaluate the performance of the proposed control system to reduce the harmonic
distortion in the power supply currents, a non-linear load was implemented using a star-
connected, 4-wire load of 10Q per phase. A rectifier diode was serially connected to the
resistor of phase A. In Fig. 3.12(a) the power supply currents are shown. Initially, the
control system is disabled, and only the positive semi-cycle of the phase-A current is
circulating. In t=50ms, the APF is enabled, and after a relatively fast transient, the current
in the power supply becomes well balanced and undistorted. Fig. 3.12(b) depicts the
neutral current, showing that before compensation, the power supply current has a strong
zero sequence current component which is heavily distorted.

Fig. 3.12(c) shows the steady-state currents supplied by the APF. The currents in
phase-A and in the neutral wire have large peak values which are injected into the system
in order to eliminate unwanted components (imbalances, reactive and void currents) from
the power supply. The Total Harmonic Distortion (THD) is compensated using the
proposed methodology. Without the compensator [for t<50ms in Fig. 3.12(a)] the THDs
for the power supply currents are 44.47%, 0.4% and 0.4% (phases A, B, C respectively).
After the control system is enabled the THD in phase-A is reduced to 2.27%. In the other
two phases, the THD is little affected by the operation of the APF, maintaining similar
values during the whole test. The spectrum of the power supply currents, corresponding
to the experimental test depicted in Fig. 3.12, is shown in Fig. 3.13. Fig. 3.13(a) shows
the magnitude of the harmonics before the APF control system is enabled. Notice that in
phase-A, where a non-linear load is connected, there is a strong dc-component and even

harmonics (mainly 2" and 4") produced by the rectifier diode. When the CPT-based
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control system is enabled, the harmonics are almost eliminated, and there is a significant

reduction in the distortion of the power supply currents. [See Fig. 3.13(b)]

M, YSIGH

ALy DS0-X 3024T, MYS5220315, 04.06.20150651201: Fri Dec

' 504/ 504/ 50N 4 1000ms/  00s Stop
a)

wKLE»Y‘SIGH.T DS0-X 30247, MrS5280315, 04.06.2015051201: Fri D«
504/ 20 00ms/ 00s Stop

WKKEY\‘SIGHIT MSO-X 3024T, MYS52804638, 04.06.2015051201: Fri De
504 S0N 504 a 508 10 00ms/ 00s Stop

Fig. 3.12. Performance of the proposed control algorithm compensating non-linear

loads. a) power supply currents with and without compensations (10ms/5A/div). b)

Neutral current corresponding to the test of Fig. 3.12(a) (20ms/5A/div). ¢) Currents
supplied by the APF to the PCC (10ms/div-5A/div).
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Fig. 3.13. Spectral estimation of the power supply currents. a) Without compensation. b)
With the proposed 4-leg APF.

One of the reported advantages of the CPT [66] [69] is that the load current can be
separated into current components which can be compensated by different power
converters located in the microgrid, e.g. using the residual VA capability of the power
converters interfacing PV and wind energy in Fig. 3.7.

Fig. 3.14(a) shows a distorted and unbalanced load-current which has been obtained
by modifying the crest factor, in each phase, of the Ametek programmable load. For this
load, the current has been separated into the currents defined by (8)-(10). This separation
has been realised by the DSPACE platform in real-time operation. Fig. 3.14(b) shows the
balanced active currents igu [see (8)]. As mentioned before, this current is supplied by
the 4-leg power source (as shown in Fig. 3.1). Fig. 3.14(c) shows the unbalanced active
current component ig,, [as shown in (10)] which is supplied by the APF. The unbalanced
reactive current components iy, are shown in Fig. 3.14(d), finally the void current i, is
shown in Fig. 3.14(e). For this experimental test, the balanced reactive currents have a

negligible magnitude, and they are not shown in Fig. 3.14. Finally in Fig. 3.15 the
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compensated power supply currents, corresponding to the load currents of Fig. 3.14(a),

are shown.
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Fig. 3.14. Separation of the load current components using the CPT, a) load currents.
b) Balanced active current. ¢) unbalanced active currents. d) Unbalanced reactive
currents. e) void currents.
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Fig. 3.15. Power supply currents corresponding to the experimental test of Fig. 3.14(a)
(10ms/div-5A/div).

3.5.3 Operation of the Proposed 4-leg APF Considering
Frequency Variations

The electrical frequency of a microgrid can be subjected to relatively large variations,
e.g. produced by the application of P-f droop control or due to the effect of intermittent
generation from renewable sources (see Fig. 3.8). For the correct operation of the
proposed control system, self-tuning resonant controllers have been implemented in this
thesis.

In the experimental implementation discussed in this work, the tuning of the resonant

controller is achieved by the online calculation of the km]. values [as shown in (16)-(17)]

required by the bilinear transform with frequency pre-warping. In addition, a PLL is
necessary to estimate the fundamental frequency of the network (as shown in Fig. 3.4).
To test the performance of the self-tuning resonant control system, the programmable

power supply used in this work is controlled using the frequency profile depicted in Fig.
58



3.16. Notice that this profile is a piece-wise linearization of that shown in Fig. 3.8 with
some modifications. For instance, the duration of the profile has been reduced to 10s,
and the frequency variation is larger (48Hz to 52Hz). Moreover (as mentioned before) the
nominal electrical frequency used in this work is 50Hz instead of the 60Hz utilised for the

frequency profile shown in Fig. 3.8.
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Fig. 3.16. Frequency profile used in this work.

The performance of the self-tuning algorithm has been tested considering the
operation of the system, feeding a load programmed with the current profile depicted in
Fig. 3.14(a) and subjected, during 10s, to the frequency variations shown in Fig. 3.16.
Fig. 3.17 shows the currents in the programmable power supply (captured using the
DSPACE data acquisition system). Notice that effective currents are shown because of
the problems associated with displaying the instantaneous currents for 10s.

When the power compensator is enabled the neutral current shown in Fig. 3.17(a) is
reduced to a small (RMS) value produced by the zero-sequence harmonics which are not
compensated by the APF. As shown in Fig. 3.17(b) in the phases of the programmable
power supply the effective currents are well balanced. However, because effective

currents by themselves cannot be used to demonstrate that the self-tuning algorithm is
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well tuned, an additional test is proposed and realised in this thesis. Frequency-adaptive
filters have been programmed to process the data captured by the DSPACE platform.
The filters are designed to isolate the 5" and 7" harmonics of phase-B in the load and
power source currents.

In Fig. 3.18(a)-(b) the 5" harmonics of the load and power supply currents are depicted
between t=5 to t=6 (see Fig. 3.16). Notice that the frequency is varying between fe=48Hz
to fe=51Hz during that period of time. As shown in Fig. 3.18(a) the amplitude of the 5"
harmonic in the load current is about 7.1% of the peak current. Fig. 3.18(b) shows the
5" harmonic component in the power supply current. Even with the relatively large
frequency variation produced in this time period, the harmonic has been compensated,
and its amplitude is only 0.075(A), a reduction of 91% with respect to the uncompensated
value. An amplified view of the 5" harmonic present in the power supply current is shown
in Fig. 3.18(c)

Using the proposed methodology, the performance of the APF to reject the 7
harmonic has also been evaluated. Again the performance of the APF based self-tuning
resonant controllers is excellent, eliminating most of this harmonic from the power supply
current as shown in Fig. 3.18(d)-(f). The amplitude of the 7" harmonic in the load current
is about 3.33% of the peak current. However, the amplitude of the 7" harmonic in the
power supply current is only 0.05(A), a reduction of 87.5% respect to the uncompensated

value.
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Fig. 3.17. Effective (RMS) currents circulating in the programmable power supply. a)
Power supply neutral current with and without enabling the active power filter. b) Power
supply phase currents considering the active filter enabled.
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Fig. 3.18. a) 5" harmonic produced by the load current of Fig. 3.14(a). b) 5" harmonic
component compensated in the power supply during a relatively fast frequency
transient. ¢) Amplified view of Fig. 3.18b. d) 7'" harmonic produced by the load current
of Fig. 3.14(a). e) 7"" harmonic component compensated in the power supply during a
relatively fast frequency transient. f) Amplified view of Fig. 3.18e.
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3.5.4 Influence of the self-tuning resonant controllers on the
behaviour of the APF

In this section, the performance of the active power filter (APF) will be studied in the
following two scenarios: (i) the APF is controlled using self-tuning resonant controllers,
and (ii) the APF is controlled using non-self-tuning resonant controllers. Both scenarios
will be studied through simulation work (based on PLECS software) and considering
frequency variations in the power supply.

The simulation test assumes that a non-linear load with the same characteristics as
the experimental test shown in section 3.5.2 (a rectifier diode is connected to phase A),
is being fed by the power supply. In this condition, the performance of the APF is studied
considering frequency variations, and for the two scenarios discussed in the previous
paragraph (self-tuning and non-self-tuning PR controllers). Four steps were studied,
these are: step 1 (0s < t < 1s) where the APF is not connected to the system (composed
of the power supply and the non-linear load), and the electrical frequency w, is 2m -
50 rad/s; step 2 (1s <t < 2s) where the active power filter is connected to the system
and w, = 2m - 50 rad/s; step 3 (2s <t < 3s) the AFP is working and w, is changed to
2m - 48 rad/s, finally in step 4 (3s < t < 4s), the AFP is working, and w, is changed from
2m-48rad/s to 2m - 52 rad/s at t = 2s. Based on these steps, the quality of the current
injected by the power supply to the load is studied considering the THD as a quality index.
These steps are evaluated for the two scenarios discussed at the beginning of this
section. (Implementation of the APF using self-tuning and non-self-tuning PR controllers)

Fig. 3.19 shows the frequency profile of the system in the four steps considered in the
simulation work. Fig. 3.20 shows the currents injected by the power supply before and
after the activation of the APF. From this figure, it can be appreciated that before the

activation of the AFP, the positive semi-cycle of phase “A” current is flowing. Then when
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the AFP is working (see step 2 in Fig. 3.20), the current injected by the power supply to
the load becomes well balanced and undistorted. It should be pointed out that in steps 1
and 2 it does not matter if the APF is working with self-tuning or non-self-tuning PR
controllers since in those steps the electrical frequency is the nominal one (w, = 27 -
50 rad/s).

Fig. 3.21 shows the currents inject by the power supply to the non-linear load, in step
3 (w, = 2m - 48 rad/s), for the case where the APF is implemented using self-tuning PR
controllers [see Fig. 3.21(a)], and for the case where the AFP uses non-self-tuning PR
controllers [see Fig. 3.21(b)]. Similarly, Fig. 3.22 shows the same waveforms but now for
the step 4 considered in this test (w, = 2w - 52 rad/s). From Fig. 3.21 and Fig. 3.22, it
can be concluded that the use of self-tuning PR controllers in the implementation of the
APF, improves the quality of currents (measure through the THD) injected by the power
supply to the load, in comparison with the case where non-self-tuning PR controllers are
used.

Regarding implementation issues, it is well-known that Digital Signal Processors
(DSPs), have experienced an exponential development in processing power [88].
Therefore even though the proposed control algorithm, based on 21 self-tuning resonant
controllers, seems relatively complex it is simple to implement using a commercial DSP

with a good processing capability and suitable FPGA platforms.
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e Frequency profile of voltages in the power supply
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Fig. 3.19. Frequency profile at the power supply
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Fig. 3.20. Currents in the power supply before and after the activation of the AFP
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Currents in the power supply Currents in the power supply
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Fig. 3.21. (a) Current injected by the power supply to the load, in step 3 (2 - 48 rad/s)
when the APF is implemented using self-tuning PR controllers, (b) Current injected by
the power supply to the load, in step 3 (2 - 48 rad/s) when the APF is implemented
using non-self-tuning PR controllers
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Fig. 3.22. (a) Current injected by the power supply to the load, in step 3 (2 - 52 rad/s)
when the APF is implemented using self-tuning PR controllers, (b) Current injected by
the power supply to the load, in step 3 (2m - 52 rad/s) when the APF is implemented
using non-self-tuning PR controllers

65



3.6 Chapter Conclusions

A new methodology for the control of a 4-leg active power filter has been presented in
this chapter. The proposed control system is based on the conservative power theory
augmented with a Pl and seven self-tuning resonant controllers in each phase. The
compensation is achieved by regulating the positive, negative and zero sequence
voltages modulated by a 4-leg voltage source converter.

The performance of the proposed control system has been tested considering the
operating conditions of a microgrid located in northern Canada. Using per-unit analysis,
the current and voltages have been referred to values which could be handled by the
prototype implemented at the University of Chile. To evaluate the performance of the
control system, balanced and unbalanced loads of linear/non-linear nature, considering
fixed/variable frequency operation have been applied at the PCC. In all the cases the
performance achieved by the proposed 4-leg APF has been excellent.

The advantages of the CPT, as a new power theory for applications such as microgrid
where strong distortion and imbalances could be present, have also been demonstrated

in this thesis.
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Chapter 4. Proposed Cooperative
Imbalance Sharing Control Algorithm

4.1 Introduction

In this chapter, a cooperative control scheme based on the Conservative Power Theory
(CPT) is proposed for sharing imbalances in three-phase four-wire droop-controlled
systems. By utilising the CPT, the balanced, unbalanced and distorted components of
the currents and powers in a micro-grid could be identified. Using control loops, based
on virtual impedances and implemented in the stationary a-b-c frame, the sharing of
imbalances and also harmonics, between the different 4-leg inverters in the microgrid,
can be realised. A secondary control loop is implemented to regulate the maximum
voltage imbalance/distortion at the Point of Common Coupling (PCC) or any other point
in the microgrid. The theoretical background of the method is presented, and
experimental validation is demonstrated using a laboratory-scale microgrid.

The rest of this chapter is organised as follows: Section 4.2 introduces the proposed
unbalanced power-sharing concept; section 4.3 discusses in detail the proposed
imbalance sharing control scheme. Section 4.4 reports both simulation and experimental
validation of the proposed imbalance control and sharing scheme. To realise the
experimental validation, load conditions and the voltage/currents measured in a real
microgrid located in the north of Canada are considered (see [40] and section 3.4). In
section 4.5 the extension of the proposed control scheme for harmonic sharing is
provided. In section 4.6 a comparison between the proposed control scheme and
previous methods reported for imbalance sharing is performed. Finally, in section 4.7, the

main conclusions of the proposed algorithm discussed in this chapter are shown.
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4.2 Unbalanced Power Sharing Concept

4.2.1 Analysis of an Inverter Feeding an Unbalanced Load

Consider the 4-leg inverter in Fig. 4.1, where the load current i, includes positive,

negative, and zero sequence components as in (30), and considering the fact that the

maximum allowed voltage imbalance in power systems is 3% as defined by ANSI C84.1-

2006 standard (see [63]), the positive sequence voltage is dominant. Therefore, the

voltage at the converter’s outputs can be considered as shown in (31) [62] [95]. This can

be corroborated using the voltages and currents measured in a real microgrid (see [40]

and section 3.4).

Some comments about the topology used in this thesis (see Fig. 4.1) are:

The system studied in this chapter corresponds to a three-phase four-wire droop-
controlled microgrid in islanded mode. Based on that, it is assumed that each 4-
leg converter in the MG must regulate their respective bus voltage and share
active and reactive powers using the well-known droop control [11] [62] [54].
Therefore if the grid is connected at the PCC (see Fig. 4.1), the proposed
controller, could not be used, since the grid will impose the frequency and the
voltage at the PCC.

Based on the first comment, it is necessary to place an LC filter at the output of
the 4-leg converter as shown in Fig. 4.1 to ensure that voltage E meets
requirements related to the voltage quality [96] (reducing the harmonics produced
by the pulse-width modulation of the power converter). Moreover, the use of an
LCL output filter instead of an LC does no affect the performance of the proposed
controller, since the inductance of that filter on the PCC side can be considered

as part of the line impedance. (See Fig. 4.1)
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Fig. 4.1. Example of 4-leg converter feeding unbalanced load in an islanded microgrid.
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With these assumptions, the system shown in Fig. 4.1 can be analysed using the CPT

definitions given in chapter 2, section 2.1. Using (6) and (31) the unbiased voltage £ is

calculated as shown in (32).
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Using (30) and (31) in (8), the balanced active current vector (i ) is calculated as
shown in (33). Note that i is a positive sequence vector current.
Similarly, using (30) and (32) to evaluate (9), the balanced reactive current vector (i2 )

is calculated by (34). Note that the vector i is also a positive sequence vector.

21" 1 1 aIt

sin(wt + ¢*)

b |21t ( 2m ) V21t
sin

t——+o*
w 3 Q

sin(wt + 26 — ¢*)

2
sin (wt—§+ 26—<p+> (33)

V2rt V2rt

] 21 ) 21
sin (wt+?+<p+) sin (wt+?+26—<p+>

+ b r \/EI-’-
sin(wt + 1) sin(wt + 286 — ™)
b _ |V2IT 2m Vart 21
iP = sin (wt——+<p+) - sin (u)t——+ 26—<p+> (34)
2 3 2 3
V2rt Vart

21 2m
sin (wt+?+<p+) sin (wt+?+26—<p+>
Based on (33) and (34), a new current vector can be defined, named the “balanced
current vector i?”, corresponding to the sum of i2 and i2. This new vector is shown in (35)

and it only contains the positive sequence of i, [see (30)].
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1
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If the same procedure used to calculate the vectors iZ and i? is also used to
determine the unbalanced current vectors iy and i [defined by (10)], this results in (36)
and (37). Based on these equations, a new unbalanced vector i* is defined as the sum
of iy and iy . This new unbalanced vector is shown in (38). Note that i* contains both the

negative and the zero sequence current components of i,,.

- 0
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2 2
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Finally, as the newly proposed vectors are orthogonal, this result verifies that the CPT
also provides a robust methodology for decoupling the positive sequence current from

both negative and zero sequence currents in the stationary abc frame.
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4.2.2 Two Inverters Feeding a Common Unbalanced Load

The scenario discussed in Fig. 4.1 for a single 4-leg converter feeding an unbalanced
load is now extended to the case of two inverters as is shown in Fig. 4.2. In this figure,
the load is modelled as a current source, and the distributed generation units are
modelled as voltage sources (generated in the capacitors of the inverter output filter, see
Fig. 4.1). Based on the discussion presented in section 4.2.1 it is possible to calculate?
the balanced and unbalanced current vectors [given by (35) and (38)] for each inverter.
It is worth remembering that, under the assumption of negligible voltage imbalance, the
two current vectors are orthogonal, and decoupled from a control perspective. Note that
these current vectors depend on E; and i, for inverter 1 and on E, and i, for inverter 2
(see Fig. 4.2). It should be pointed out that i; and i, are respectively, the output current
of inverter 1 and the output current of inverter 2 (after LC filter). Furthermore, E; shown
in Fig. 4.2 refers to the voltage across the capacitor C; in Fig. 4.1 (for E, it is the same,
but referred to the voltage across C,).In Fig. 4.2, by applying the superposition principle,

i; and i, can be written as (39) and (40).

Inverter 1 Inverter 2

5
@
_5
(<) '
g
O,
N

S — P

Fig. 4.2. Two inverters feeding an unbalanced load — unifiliar equivalent circuit.

2 Using the CPT definitions described in section 2.1
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L =ha+ic (39)

L =lp—1i (40)

where i;; and i,, are the current components due to i, while i, is a circulating current
component depending on the voltage difference between E; and E,. The two currents i,

and i, can be rewritten explicitly as:

Z12 Ei - E
=g 22 41
T ZaAZ, 2+ 27, 4D
Z E, —E
i, 1 . E, - E (42)

-~ = =2
Zi1+Z, = Zi1+Z,

From these equations, it can be observed that when the impedances Z;; and Z,, are
predominantly inductive, only the circulating current i. produced by the different voltage
references of the two inverters, causes a phase shift between i; and i,. Considering that
in a typical microgrid, E; = E, because the magnitudes are similar [54] and the phase
difference is small [11], it is assumed that i. is smaller than i, [44]. Based on that,

calculating both balanced and unbalanced current vectors given by (35) and (38)

respectively in the inverters and the load, the following relationships can be obtained.

p ~i7 +13 (43)
g =it +i (44)

From (43)-(44) it can be concluded that the current imbalance in the load (i¥) depends

mainly on the unbalanced current vectors calculated in both inverters (i, i%). Conversely,
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the positive sequence current in the load (i2) is mainly a function of the balanced current

vectors in both inverters (i?, i2).

4.3 Proposed Imbalance Sharing Control Scheme

The proposed control scheme is based on the property described in section 4.2 where
the positive current sequence is decoupled from both negative and zero current
sequences through the current vectors i® and i* [see (35) and (38)]. The proposed
imbalance sharing control scheme implemented in inverter 1 of Fig. 4.2 is shown in Fig.
4.3 (in the Laplace domain), where the inverter output current® i, (s) is divided into i?(s)
and i%(s). With the balanced current i?(s) the well-known virtual impedance loop [54]
[65] is implemented to achieve decoupling between active and reactive powers and also

for stability purposes. [54] [65]

Control System

Virtual balanced impedance loop .b Power Stage

&1
Gp1 (5)=RY + 51 |

£ ) 6} o)

PR PR 11
| U
31

Gu1(s)=R} + SLIf}

Virtual unbalanced impedance loop . ] .b ‘U
| LW=1 T4

PR:proportional resonant controller

Fig. 4.3. Proposed control scheme of each four-leg inverter.

3 Current injected by the converter to the load (after LC filter, see Fig. 4.1)
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A new virtual unbalanced impedance loop is proposed for the unbalanced current
ii*(s) to control the unbalanced voltage at the inverter output. The proposed control
scheme shown in Fig. 4.3, is implemented in the abc reference frame and sequence
separation is not required (this could be an advantage because most of the sequence
separation algorithms are strongly affected by, noise, harmonic distortion, small
variations in the sampling time, etc. [45] [46]). Notice that the virtual impedance loops are
equivalent to output impedances where voltage drops are produced by the circulation of
balanced and unbalanced currents respectively. These voltage drops are given in (45).

The descriptions of the parameters depicted in Fig. 4.3, are as follows:

e i, isthe current in the inductance of the inverter LC output filter (see Fig. 4.1).

e Hy4(s) is the transfer function associated with the voltage control loop.

e  H,(s) is the transfer function related to the current control loop.

o Gpwumi(s) is the PWM transfer function.

o M,(s) and N, (s) are the transfer functions of the LC output filter (see Fig. 4.1).

e Gpi(s) is the transfer function for the implementation of the virtual balanced
impedance loop.

e (G, (s) is the transfer function of the virtual unbalanced impedance loop (see Fig.
4.3).

Note that in this work, PR controllers will be used because the proposed control
scheme is defined in the stationary abc frame and PR controllers can provide zero steady
state error to sinusoidal signals. Therefore, Hy4(s) and H,(s) are PR controllers (see
Fig. 4.3). The closed-loop transfer function of the proposed control scheme (see Fig. 4.3)
is shown in (45), where E{(s) is the voltage reference obtained from the droop control

system; K;(s) is the closed-loop transfer function of the voltage controller [see (46)];
75



Zb,.1(s) is the balanced output impedance; and Z¥%,(s) is the unbalanced output
impedance.

Based on (45), the proposed scheme achieves a decoupled control of the voltage drop
produced by the balanced current and the voltage drop caused by the unbalanced
current. The first voltage can be controlled through R? and L2, as shown in Fig. 4.3 and
(47). These parameters are set to be constant and, they are used to implement the virtual
impedance loop [54] [65]. The unbalanced voltage drop at the output of the inverter can
be controlled with Z¥,,, (s) through the transfer function G, (s). From Fig. 4.3 and (48) it
can be concluded that to control Z},,;, (s) there are two degrees of freedom represented
by R} and LY respectively (see Fig. 4.3). In this work, it will be assumed that G,;(s) is a

resistance, i.e Gy1(s) = R} (see [44]).

Ei(s) = K1(s)E{(s) — Zgun(s)if(s) — Zyue1 (8)if (s)

Ny (s)M1(5)Gpwm1(S)Hc1(S)Hy1(s)

Kas) = 14 N1 ($)M1(8)Gpwmi (S)Hc1(S)Hy1(S) + M1(S)Gpwm1(S)Hc1(S) + N1(s)M1(s)

Zb . (s) = Ni(s) + N1(s)M;1(5)Gpwm1(S)He1(s) + Ni(S)M;(S)Gpwy1 (S)He1 () Hy1(5)Gpa ()
outt 1+ Ny(s)M1(s)Gpwm1(S)Hc1(S)Hy1(S) + M1(S)Gpwm1(S)Hc1(S) + Ni(s)My(s)
74 (s) = Ny (s) + N1(s)M1(8)Gpwma (S)Hc1(S) + Ni(S)M1(S)Gpwm1(S)Hc1(S)Hy1(5)Gua ()

out1($) =

1+ N1 (M1 (8)Gpwm1(S)Hc1(8)Hy1(S) + M1 (S)Gpwmr (S)He1(S) + Ni(s)M4(s)
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Equation (45) can be rewritten in terms of balanced and unbalanced terms as shown
in (49). In this equation E?(s) corresponds to the balanced terms in (45) and E¥(s) is the
unbalanced voltage drop produced by the unbalanced output impedance. These voltages
are given by (50), where it can be appreciated that the matrix associated to both balanced
and unbalance currents is a diagonal matrix and therefore can be concluded that based
on the assumptions discussed in section 4.2, the voltages EP(s) and E}(s) are
decoupled.

In this section, inverter 1 of Fig. 4.2 was used as an example to show the mathematical
analysis of the proposed control scheme. This scheme has also been implemented for
inverter 2 of Fig. 4.2 and in a general way, it can be implemented in “n” 4-leg converters

feeding a common load.

Ei(s) = EP(s) + E}(s) (49)
EP ()] _ [Ki()E; ()] _ [22uta (5) 0 i (s)
sl = [T e ol (50)

4.3.1 Cooperative Sharing of Imbalance between Inverters

Assuming that the inverters shown in Fig. 4.2 are controlled using the control
methodology depicted in Fig. 4.3, the load voltage Vp can be written as the sum of a
balanced and an unbalanced voltage. V- as a function of the voltages and currents of
inverter 1 is shown in (51). Analogously, Vp.. as a function of the voltages and currents

of inverter 2 is given by (52). Equating these two expressions yields (53).
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Vpecy Zour1(s) + Z11(s) 0 HO)!
7 e e S e K PO SPS 2] 2

Vecey| _ [Ko(s)E3(s) out2 () + Zp5(s) 0 i3(s)
Vpccu] B [ ’ 0 : ] [ : 0 v Z¥,2(8) +ZL2(S)] ig‘(s)] (52)
[Zoue1(8) + Zp1(9)] - i1 (S) = [Zgue2(S) + Z12(8)] - 7 (s) (53)

Based on (44) and (53) the sharing principle of the proposed control scheme can be
derived. This principle is shown in (54) and (55) where the line impedances are neglected
for simplicity. From these equations, it is concluded that the unbalanced current in the
load iy (s) can be shared between the inverters according to a factor which depends on
the unbalanced output impedances defined in this section. These impedances can be
actively controlled, through G,; (s) = R} ininverter 1 [see (48)] and through G,,(s) = R¥

in inverter 2, thus providing active control of the imbalance sharing.

U ~ gutz (S) Lu
N S T + e o) (54
2(s) ~ ot ®) (55)

Zyut1(8) + Z g2 (S)

Using (54)-(55) to calculate the unbalanced power in each inverter (this power is
defined by the CPT as described in chapter 2, section 2.1), equations (56) and (57) are
obtained, where N; and N, are the unbalanced powers in inverter 1 and inverter 2
respectively. The unbalanced power is shared between the inverters according to the

same principle as the unbalanced currents.
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N, =3 Zg“tzu ‘E, -1, (56)
Zoutl + Zoutz
o t1
Ny =3 || E, 1 (57)
Zgutl + Zgutz ?

4.3.2 Practical Implementation of the Proposed Scheme

In section 4.3.1 the unbalanced sharing principle has been discussed, based on the
insertion of virtual “unbalanced” output impedances in the control of the inverters.
However, the insertion of large unbalanced impedances might induce large voltage
imbalance at the output of the inverters, possibly exceeding regulatory limits. For this
reason, the Phase Voltage Unbalance Rate index (PVUR, see (58)) [97] [98] is introduced
to control imbalance sharing, by adjusting the magnitude of the unbalanced output
impedance in each inverter, according to the unbalanced voltage requirement at the
output of each inverter. Note that in (58) the voltages are measured with respect to the

neutral point.

max(lEanl - E: |Ebn| - E: |Ecn| - E )
E (58)
E= (lEanl + |Ebn| + |Ecn|)/3

PVUR =

The practical implementation of the proposed control scheme in the inverter 1 of Fig.
4.2 is shown in Fig. 4.4. Both the output currents and output voltages of the 4-leg inverter
are measured. With these signals and using the CPT definitions described in section 2.1

(chapter 2), the following quantities are calculated: (i) Active (P1) and Reactive (Q1)

79



powers, (i) balanced currents (i?,,,), (i) unbalanced currents (i¥,,.) and (iv) the PVUR,
index at the output of the inverter. To share and regulate P: and Q:, standard droop
controllers are implemented. The implementation of these controllers is shown in (59),
where m; and n,are the frequency and voltage droop coefficients and w,, and E,, are
respectively, the nominal frequency and voltage of the MG. Additionally, using i%,,. the
voltage drop due to the virtual impedance loop is calculated [54] [65] (see Fig. 4.3), thus
improving decoupling between active and reactive power control. With i}, and the
PVUR, index, the virtual resistance computation block shown in Fig. 4.4 and Fig. 4.5 is
implemented, to adjust dynamically the value of R} and therefore, the magnitude of Z},,;1
[see (48)]. As shown in Fig. 4.5, the reference for this block is the desired PVUR] which
can be tolerated by the inverter. The control is based on a PI controller plus a low pass
filter (for removing noise), whose output is R}. This is multiplied by the unbalanced
current to generate the unbalanced voltage reference. Doing that, the magnitude of the
output impedance Z},;; ininverter 1 is controlled through G, (s) = R} according to (48).
Similarly, in the control algorithm of inverter 2 (see Fig. 4.2) the PVUR; generates the
output impedance Z},;, and, based on Z},;; and ZY,;, the load imbalance is shared
between the inverters according to (54)-(57). Note that the proposed control can adjust
dynamically and in real-time the values of Z},,;; and Z},;, ineach inverter to operate with
different degrees of load imbalance, maintaining the PVUR references (PVUR; and
PVUR3) in each inverter. Moreover, as shown in Fig. 4.7, a secondary control system
could be used to dynamically regulate the values of PVUR; and PVUR; controlling the

PVUR at another point of the microgrid, for instance in the PCC.
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Fig. 4.4. Practical implementation of the proposed control scheme. (The inverter 1 was
used as an example)

{a)* = w, —mP;

Ef =E, —n,Qq 9)
PVUR; RY 1ab
— Pl —LPF =

PVUR, iTabc

Fig. 4.5. Details of the virtual resistance computation block shown in Fig. 4.4. (Only
inverter 1 is shown)
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The implementation of the virtual impedance loop in the inverter 1 of Fig. 4.2 is shown
in Fig. 4.6 (the same methodology is used for inverter 2). In this work, R? and L% (see Fig.
4.6) are chosen to maintain the inverter output voltage within 5% [99] of the nominal
value. More information about the characteristics of this loop is presented in [54] [65]. It
is worth considering that the virtual impedance loop and the virtual resistance
computation block shown in Fig. 4.4 and Fig. 4.5 are decoupled since the former is
implemented with the balanced current vector, and the latter utilises the unbalanced
current vector, and these vectors are decoupled (see section 4.2.2). The inner voltage
and current control loops shown in Fig. 4.4 are implemented in the abc reference frame
using self-tuning proportional plus resonant (PR) controllers in each phase [40] (more
information about the design of this type of controller can be found in chapter 3,
subsection 3.3.1). Finally, it is worth remembering that an important characteristic of the
proposed control scheme (see Fig. 4.3) is its capacity to be embedded and locally
implemented at each converter. Therefore, a communication channel among the

converters is not required for the primary control system.

Ri} + E‘ﬂx
| +
b Ll-i(lf
.b i " b
labc ane — ap ﬁl_bc
apf gfﬁ abc
b
Rl E-:FB
-Lw’

Fig. 4.6. Implementation of the virtual impedance loop shown in Fig. 4.4.



4.3.3 Methodology to choose the PVUR set points for each
inverter

To validate the effectiveness of the proposed cooperative imbalance sharing method,
in this section, a general methodology for calculating the PVUR set points for “n”
converters feeding a common load is proposed. It is worth remembering that the choice
of these references will determine the effort of imbalance sharing in each inverter. This
sharing effort is performed according to the residual power capacity of each inverter.

In this section is assumed that the unbalanced load located at the PCC (see Fig. 4.2)
is fed using “n” 4-leg inverters. In this case, the unbalanced powers defined in (56) and
(57) can be generalised as shown in (60). From it, the unbalanced power N, (see section
2.1 in chapter 2) in the converter “x” is given by the multiplication between the RMS
voltage E, at the output of this inverter, the RMS value of the unbalanced current at the

load I¥ and an equivalent impedance given by the current divider when “n” converters

are feeding a common load. (See [100])

n u
m=1 Zout_m
n u
u . n ]=1 ZOut_j
out_x i=1 Zu .
out_i

By Iy (60)

In this thesis, the initial PVUR} is obtained by minimizing the cost function of (61),
subjected to the restrictions shown in (61). The solution to this problem are the PVUR set
points to the inverters which minimise the difference between the unbalanced powers
supplied by the 4-leg converters. It should be pointed out that (61) considers the residual
power capacity of each inverter. This is realised through Nz [see (61) and (62)], which

correspond to the residual power capability in the inverter “x”. Note that N7 is given by
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the difference between the maximum unbalanced power that this inverter can inject to
the load NJ*%* [given by (62)] [43] [66] [68] and the actual unbalanced power (N&ctual)
that this inverter is injecting to the load. Based on that, the imbalances on the three-phase
four-leg MG studied in this work, are shared according to the residual power capacity of
each inverter. Moreover, the optimisation problem shown in (61) has inequality
restrictions, which characterise the voltage requirements at the output of each inverter.
These requirements depend on the type of load which is connected at the output of them.
In this work, if a sensitive load is connected at the output of the inverter “x”, the maximum
PVUR allowed is 1% (a, = 1%) [44]. In contrast, if a non-sensitive load is connected at
the output of the inverter “x”, the maximum PVUR allowed is 3% (a, = 3%) [63]. Finally,
based on the PVUR restrictions in each inverter, the optimisation problem is solved* and
the optimal imbalance sharing among the converters is achieved. Note that in (61)-(62),
“n” represents the number of converters which are feeding the common load. It should
be pointed out that in (62), S, is the apparent power of inverter x, P,, and Q, are
respectively the active and reactive powers in that inverter, which are calculated using

the CPT definitions. (See section 2.1)

Ny Ny
N;es N;es

(61)

n n
=373
x=1 y>x
s.t

PVUR, < a,, x=12,..,n

res — pmax actual
Nx - Nx - Nx

’ Nmax — m , x=12,....n (62)

4 Using an optimization solver such as the function fmincon or genetic algorithm [106], both contained in

MATLAB
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In (61), the unbalanced powers in the inverters are calculated using (60). Therefore,
to solve this optimisation problem, it is only necessary to find the explicit relation for the
PVURs in each inverter. For the sake of simplicity, the PVUR index of (58) could be
approximated by (63). In this case, E,, is the hominal voltage of the MG. The difference
between (58) and (63) is that the average voltage E defined in (58) is replaced by the
nominal system voltage E,, in (63). This assumption is inspired by: (i) the NEMA definition
for voltage imbalance, also known as the line voltage unbalance rate (LVUR), where it is
assumed that the average voltage is always equal to the rated value [101] [102] and (ii)
since the maximum imbalance at the inverters’ output is regulated according to the ANSI
C84.1-2006 standard, the average voltage E is close to the nominal voltage E,, of the

MG.

Max(|E,| — E,,, |Ep| — E, |E:| — E.
PVUR = (l al n |Eb| n | cl n) (63)
n

Using (63), an explicit equation for the PVUR will be derived. This is realised for

[Tt L]

inverter “x” (for the rest of the converters it is the same procedure). Using Fig. 4.4 it is
concluded that the voltage at the output of the inverter “x” (E;ef) is given by (in vector
format): I/ = E; — E? — E¥ (see Fig. 4.4), where E; is the voltage reference given by
the conventional P — f and Q — E droop controllers; E? is the voltage drop produced by
the virtual impedance loop (see Fig. 4.6); and E¥ is the unbalanced voltage reference
produced by the virtual resistance computation block shown in Fig. 4.4. Using Fig. 4.5 it
is concluded that E¥ is obtained by the product of the unbalanced current vector at the

output of the inverter (in this case i}) and the virtual resistance Ry programmed in the
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control system of that inverter. Using (63), the PVUR,. of the inverter “x” is given by (64)

[considering voltages and currents in phasor format].

Eg_x - Eg’_x - R}CL ' lg_x' - En)

ok nl/] u.,;u
Eb_x - Eb_x — Ry - lb_xl —E,,

Max(|E; » — ED . — RY - il | — En,

PVUR, = (64)
En
Using, the properties of the Max function to (64) yields.
PVUR, = Max( E;_x - Eclzj_x —RY " ig x|, Eg_x - Ell))_x — Ry - illjt_x|’ E:_x - Ecl?_x — Ry - lg_xl) 1 (65)
En
Equation (65) can be written as a function of the infinite norm and the Euclidean norm,
such as shown in (66).
1 E;_x - Etlzj_x - R}CL ' i(lzt_x 1 1
PVUR, = 7= Ef . —EP —RY-if, 5 (1) (66)
" E;_x - Eg_x - R;é ' ig_x . 1
Because these norms meet the triangular inequality, PVUR, has an upper bound as
shown in (67).
E;_x - Eg_x 1 ig_x 1 1
PVUR, <—||| E; » — EE, +R%: - — [ i & -— (1) (67)
E - L E L 3
" E;_x - Eg_x - " lg_x \/_ 1711,
Finally, (67) can be rewritten as is shown in (68).
1 o b U les  eb | lee &b 1 . . .
PVUR, < E—Max( Ej o —ED | |Es » — ED .| |E2 x — EL,]) + RY -E—Max(|zg_x|, ik | i) — 1 (68)
n n
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In (68), the magnitude of the balanced voltage phasors E; ,, £ , and E; , are equal
since these values are manipulated by the reactive power droop controller. Moreover,
because the voltage variation is small, these magnitudes can be approximated to the
nominal voltage E,, of the MG [54] [65]. Moreover, assuming that the voltage drop caused
by the virtual impedance loop (see Fig. 4.6) is negligible since it has been designed to
reduce the output voltage by less than 5% of the nominal value [99] [103], it can be

assumed that

Ec;_x - Eclzj_xl =

Eg_x - Ell))_xl =

E . —E2,| ~ E,. Based on that, (68) can
be rewritten as shown in (69) (restriction of this problem). From (69) it is concluded that
the PVUR, at the output of the inverter “x” has an upper bound which is a function of: (i)
nominal voltage of the MG (E,,), (ii) the module of the unbalanced current at the output of
that inverter ([i% |, |i¥ |, |i%|), and (iii) the virtual output resistance of the inverter (R¥)
(see Fig. 4.5 and section 4.3). Considering that in this work the magnitude of the
unbalanced output impedance (Zy,; ,) of the inverter “x” is controlled through the virtual
resistance (RY) (as discussed in section 4.3), it can be assumed that Z,, , ~ R} [44]
[104] and therefore (60) can be written as a function of virtual resistances instead of
virtual impedances. Based on that, the optimisation problem introduced in (61) can be
explicitly formulated as shown in (69), where the optimisation variables are the virtual
resistances (R¥, x =1,...,n) which are used in the controllers of each inverter. To solve
this optimization problem, it is necessary to measure the current at the converters’ output,
the RMS value of the voltage at the output of each of them and the current on the load.
This can be achieved by a simulation stage or it can be implemented in a tertiary control
scheme [62].

Once (69) is solved, the PVUR set points for each converter are obtained evaluating

these optimisation variables in the expression of the PVUR of each converter [given by
87



the upper bounds of the PVURs shown in (69)]. It means that the optimisation problem is

solved considering the worst case in the inequality restrictions.

‘
_ n n [Th=1 R E [In=1 Ry Ey,
Mln] = 313’2 Z = ‘;:n Ru -N‘rts - = T:n R'IJ. .Nres
x=1 y>x RY.yn j=1" x RU.yT j=1"Y y
4 X i=1 Rly y i=1 Rl!l
S.t.
, RY i o _
VUR, < T Max(|lax|, |lbx|, |lcx|) <a,, x=1,2,..,n
n

Finally, as stated in the introduction of this chapter, cooperative imbalance sharing in
a MG is provided at the expense of increasing voltage imbalance at the voltage buses.
In this work, it is assumed that sensitive loads are located close to the inverter buses,
and the proposed control scheme achieves cooperative imbalance sharing among the 4-
leg inverters and at the same time, maintains the voltage imbalances within acceptable
levels at the inverter outputs. Obviously, the unbalanced voltage requirements at the
inverter outputs will determine the cooperative sharing effort of them. In this context, the
unbalanced voltage requirements at the PCC is a less important concern. This is because
it is assumed that non-sensitive loads are connected at this point. In addition, a secondary
control scheme is proposed to regulate the unbalanced voltage at the PCC: it is shown
in Fig. 4.7 considering three 4-leg inverters. In this figure, the voltage at the PCC is
measured, and the voltage unbalance index (PVURpc) is calculated. Using the PVURpc(
and a desired imbalance index at the PCC (PVURp;c), @ secondary control loop is
implemented. The output of this secondary control is a APVUR which is sent to the
inverters. This APVUR is subtracted from the PVUR references (PVUR;, PVUR; and

PVUR3) given initially to the inverters. Fig. 4.7 shows that this secondary control system
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is simple to implement considering the afore discussed cooperative control scheme.
Moreover, a relatively low communication bandwidth can be used by this centralised
secondary controller (see [11]). In summary, in this thesis, a hierarchical control scheme
is proposed and discussed. This hierarchical scheme consists of two control levels. In the
primary level, the converters are controlled locally with the scheme shown in Fig. 4.3
(based on currents and voltages measured at the output of each inverter) while the
secondary level corresponds to the centralised controller shown in Fig. 4.7 which sends
APVUR references signals to the inverters in order to keep the PVUR at the PCC below

a given value . This secondary control topology can be easily extended to “n” converters.

Unbalanced load

Inverter 1 ine 1 Line 2 - Inverter 2
a !YY\:

Inverter 1
Local Controller

Inverter 3
Local Controller

@ Low Bandwidth Communication
@ Local controller: see Fig 3.3 L

Fig. 4.7. Proposed secondary control scheme to regulate the voltage unbalance rate
(PVUR) at the PCC in isolated MGs.
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4.4 Simulation and Experimental Results

4.4.1 Simulation Results

In this section, both the primary and secondary controllers depicted in Fig. 4.3 and
Fig. 4.7 respectively are validated. The system shown in Fig. 4.7 is simulated using
Plexim PLECS software, and it is assumed that the converters are connected to the load
through inductive line impedances of 2 mH. The three 4-legs converters are controlled
considering the control scheme described in Fig. 4.3, which is implemented locally in
each device. For the implementation of the controllers depicted in Fig. 4.3, no
measurement of the voltage and currents at the PCC are required. However, when the
secondary control system is considered the PVUR at the PCC has to be measured.

In the simulation work, it is assumed that the converters have different power rating
and they are droop-controlled systems with the following droop coefficients [see (59)]:
m, = m and n; = n forinverter 1, m, = 2m and n, = 2n for inverter 2, and m; = 3m and
ns = 3n for inverter 3. The value of m and n are depicted in Table 4.1. The PVUR set
points for each inverter are calculated using the methodology proposed in section 4.3.3
as 1% for inverter 1, 2% for inverter 2 and 3% for inverter 3. These results were obtained
considering a genetic algorithm [105] to solve the optimisation problem [see (69)]. It
should be pointed out that the proposed control scheme needs PVUR set points so that
imbalances can be shared among the converters according to their residual VA power
capacity. These PVUR set points are calculated according to the methodology discussed
in section 4.3.3 which is based on the optimisation problem given by (69). Since this
optimisation problem in non-linear, it can be solved (among others) using the function
fmincon or genetic algorithm [105], both contained in MATLAB. In particular, in this thesis,

genetic algorithms are used for solving (69). (In Appendix B, the MATLAB script used for
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solving (69) is shown). Finally, At the PCC an unbalanced RL load is connected and the
following power rating for each inverter are assumed: 5000VA (inverter 1), 2500VA
(inverter 2) and 1666VA (inverter 3).

Four simulation steps are considered in this work, i.e. step 1 (0 <t < 3s) in which the
converters operate with the proposed control scheme shown in Fig. 4.3 but with the virtual
unbalanced impedance loop disabled; step 2 (3s <t < 6s) in which the virtual unbalanced
impedance loop in each converter is enabled; step 3 (6s <t < 9s) where the secondary
control described in Fig. 4.7 is activated to regulate the PVUR in the PCC at 3%; and
finally step 4 (9s <t < 12s), where converter 1 trips at t=9s. This latter case is to evaluate
the performance of the control system considering this critical situation.

Fig. 4.8 shows both the active power (P) and the unbalanced power (N) measured at
the output of each inverter for the four steps considered. From Fig. 4.8(b), it is shown that
in step 1, the unbalanced power supplied by the three converters to the load are equal
because the line impedances are identical (2mH). Then, in step 2, when the proposed
imbalance sharing algorithm is enabled (see Fig. 4.3) in all the converters, the
unbalanced power is supplied by the inverters to the load according to their residual
power capacity. An interesting characteristic of the proposed control method is that it

does not affect the performance of the P — f droop controller [see Fig. 4.8(a)].
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Fig. 4.8 (a) Active Power in the converters for the three steps studied, (b) Unbalanced
Power in the converters for the three steps studied.

[Var]

Fig. 4.9 shows both the three-phase unbalanced currents and the neutral current at
the output of each inverter for the steps 1 and 2. It is worth remembering that the
unbalance current defined in this work contain both negative and zero sequences (see
section 4.2.1 and 4.2.2). From Fig. 4.9 it is concluded that in step 1, the unbalanced
currents injected by the converters (including neutral currents) to the load are identical
because the line impedances are identical. In step 2, after the proposed control scheme
is enabled, both three-phase and neutral currents are supplied by the converters to the

load according to their residual power capacity.
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Fig. 4.9. Inverters’ unbalanced output current waveforms at different simulation steps.

Fig. 4.10 shows the PVURs at the output of the converters and at the PCC in the four
steps studied. From this figure can be concluded that in step 1, the PVUR at the
converters’ output is close to zero which means that the virtual unbalanced impedance
loop in each converter is not activated (see Fig. 4.3). Moreover, the PVUR at the PCC is
near 1.7% which is produced because the load is unbalanced. From Fig. 4.10, can be
deduced that in step 2, the three PVUR set points in each converter are achieved. In this
step, the PVUR at the PCC increases to around 3.3% respect to step 1 (see Fig. 4.10).
To manage this issue, in step 3, the secondary control scheme shown in Fig. 4.7 is
activated to regulate the PVUR at the PCC in 3%. From Fig. 4.10, can be concluded that
the proposed secondary controller effectively regulates the PVUR at the PCC to 3%. This
secondary control does not interfere in the unbalanced power sharing (see step 3 in Fig.
4.8). Finally, in Fig. 4.8 and Fig. 4.10 step 4 is examined, where inverter 1 trips at t=9s.
In this case, the trip occurs when both the primary and secondary control schemes are
working (see Fig. 4.3 and Fig. 4.7 respectively). From Fig. 4.10, it is possible to conclude
that after the trip, the PVUR reference set points for inverter 2 and inverter 3 are
automatically changed by the secondary control to ensure a 3% of imbalance at the PCC.
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These new PVUR set points are approximately 0.2% for inverter 2 and 1.2% for inverter
3. From this figure can be seen that in t = 9s, there is a peak in the PVURs. These peaks
are not actual peaks, and they are due to the PVUR formula [see (58)], which contain a
division. Indeed, the division function is sensitive to variations in the magnitudes. For
corroborating this, Fig. 4.11 and Fig. 4.12 shown respectively, the RMS voltages and the
instantaneous voltages of the inverters and the load in t = 9s. From these figures can be

concluded that there are not considerable peaks in the voltages.

Voltage Unbalance Rate PVUR

g'g 5 : i = Inverter #1
5 S RE
50 1 2 3 : Inverter #3
- PCC
a4

PVUR

2 3 4 5 6 7 8 9 10 11 12
Time [s]
Fig. 4.10. PVURs in the converters and at the PCC for the three steps studied.
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Finally, it should be highlighted that if the unbalanced load shown in Fig. 4.7, is now a
balanced load, the performance of both primary (see Fig. 4.4 and Fig. 4.5) and secondary
(see Fig. 4.7) proposed controllers do not affect the stability of the system. In this case,
the unbalanced output voltage (E{,;.) induced by the proposed primary control scheme
(see Fig. 3.4) is equal to zero because this voltage is given by the product between R}
and if,,. (see Fig. 4.5), and in this case i}, is zero (the same occurs for the rest of the
4-leg converters shown in Fig. 4.7).

In this case (balanced load), the proposed secondary controller shown in Fig. 4.7 is
not working since this controller is activated if and only if, the PVURp.. at the PCC (see
Fig. 4.7) exceeds the PVUR set point (PVURp..) previously established for the voltage
quality in this bar, and in this case, PVURp is close to zero (balanced load).

For corroborating the latter discussion, the system of Fig. 4.7 is simulated, and two
steps are considered, they are (i) step 1 (Os <t < 6s) where the primary and the secondary
proposed control schemes are working (the secondary control scheme is working to
regulate the PVUR in the PCC at 3%). This step is similar to step 3 of the simulations
shown at the beginning of this subsection. Finally, in step 2 (6s <t < 12s), the unbalanced
load present in step 1 is changed for a balanced load to study the performance of the
proposed controllers in this situation.

From Fig. 4.13 and Fig. 4.14, it can be appreciated the performance of the proposed
controllers (primary and secondary) when the converters are feeding an unbalanced load
(step 1), and the performance of them feeding a balanced load (step 2). As was discussed
in the latter paragraphs, when the load is balanced, the proposed controllers do not affect
the stability of the system, and their output is automatically changed to zero. It can be

seen in (i) step 2 of Fig. 4.13, where the PVURs at the output of the converters is close
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to zero, and (i) in step 2 of Fig. 4.14(b), where it can be concluded that the unbalanced

power injected by the converters to the load is zero.
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Fig. 4.13. PVURSs in the converters and at the PCC for the two steps studied. In step 2
the converters are feeding an unbalanced load, while in step 2 the converters are
feeding a balanced load
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Fig. 4.14. (a) Active Power in the converters for the two steps studied, (b) Unbalanced
Power in the converters for the two steps studied.
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4.4.2 Experimental Results

In this section, the performance of the control algorithm shown in Fig. 4.3 is
experimentally validated. The system of Fig. 4.2 has been implemented on the
experimental system shown in Fig. 4.15. Two Triphase units are used as 4-leg inverters.
Inverter 1 is a Triphase PM15F120 unit (22kW) while inverter 2 is a Triphase PM5F42R
(5kW) unit. The load at the PCC is emulated by an Ametek (9kW) programmable load.
The proposed control systems are implemented in the real-time target computers
controlling each of the 4-leg inverters of Fig. 4.15. The inner control loops are based on
self-tuning voltage and current PR controllers as shown in Fig. 4.16. In this investigation,
non-ideal PR controllers are used as shown (70) [40] [106] (for more details see section
3.3.1).The parameters of the experimental system and control loops are given in Table

4.1.

Programmable 3¢ Load

Inverterl Inverter 2
(4-leg Power Converter) (4-leg Power Converter)

Fig. 4.15. Experimental system. (Both converters are standard two-level converters)
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Fig. 4.16. Scheme of the inner control loops implemented in the experimental system.

PRyo_ideal = kp +

k,w.s

s2 4+ 2w.s + w?

(70)

Table 4.1. System Parameters in unit PM15F120" and unit PM5F42R™

Parameters Symbol Value
Nominal E* 180Vpeak
output voltage
Nominal w” 2150 rad/s
angular
frequency
Switching fm 16kHz
frequency
DC-Link Ve 720*V/520**V
voltage
Filter L 0.85*mH/0.80**mH
inductances
Filter c 70*uF 120 uF
capacitances
Voltage k? 0'4* /0'1*2
closed-loop k, 207/30

W 0.5rad/s

k, 0.87/0.24"
Current k, 1000*/1000*
closed-loop ) 0.5rad/s
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Table 4.1

Continued

Droop m 1-10"*rad/(W-s)
coefficients n 1-1073V/(Var)
Active Rpq 3.75Q
Damping Rp, 2.500
Balanced RP 1*0/1*0
virtual LP 4*mH /4"*mH
impedance

Unbalanced PI (0.055s +5)/s
virtual

impedance LPF 1/(1 + 0.031831927s)
control loop

To validate the performance of the proposed controller, the unbalanced conditions of

a MG located in Canada have been emulated at the PCC (see [40] and section 3.4). For

the experimental work, the unbalanced currents reported in [40] were scaled, using per

unit analysis, to currents that could be handled by the experimental prototype shown in

Fig. 4.15. The pattern of the unbalanced load connected at the PCC is shown in Fig. 4.17.

In this, thesis, two cases are evaluated, these are discussed below.
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Fig. 4.17. Unbalanced current in the common load.
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4.4.2.1 CASE 1: INVERTERS CONNECTED TO THE COMMON LOAD

THROUGH DIFFERENT INDUCTIVE LINE IMPEDANCES

For the experimental test, inverter 1 is connected using an inductive line with L=
1.25mH and inverter 2 with a line inductance of 2.5mH. It is assumed that both inverters
have the same power rating, and therefore it would be desirable that both inverters inject
the same unbalanced power. Using the methodology discussed in section 4.3.3 the
references values PVUR] and PVURY, are obtained: 2.8% for inverter 1 and 0.6% for
inverter 2 (both values are permitted by ANSI C84.1-2006). The first PVUR set point
means that a load less sensitive to unbalances could be placed at the output of inverter
1 while the second means that a sensitive load could be connected at the output of
inverter 2.

The performance of the proposed control is shown in Fig. 4.18. Before enabling the
control system (t < 72s) the unbalanced powers are different because of the line
impedances. After activating the control system, the unbalanced powers in both inverters
are equal [see Fig. 4.18(a)], meaning that the power imbalance sharing effort among the
inverters is equal since they have the same power rating. This shows the effectiveness
of the proposed control scheme. Moreover, Fig. 4.18(b) shows that the PVUR references
are correctly achieved by each inverter. Notice that, in the experimental test shown in
Fig. 4.18 an additional unbalanced load is connected to the PCC, at t=87 (increasing the
level of current imbalance in the system). Therefore, after t=87s [see Fig. 4.18(a)], the
unbalanced powers in both inverters are increased. However, the PVUR set points in
each inverter are successfully regulated by the proposed control scheme, even though
the unbalanced currents are increased in both inverters after the load connection. This is
achieved because each inverter reduces dynamically its respective unbalanced

impedance to keep its respective voltage imbalance requirements, as shown in Fig.
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4.18(c). Obviously, there is a trade-off between unbalanced power-sharing and fulfilling
the voltage imbalance requirements, which is shown in Fig. 4.18(a) after t=87s, where
the unbalanced power is not shared in the same proportion.

Finally, Fig. 4.19 shows how active and reactive powers are not affected by the
activation of the proposed controller, confirming the expected decoupling feature, i.e.
conventional P — f and Q — E droop controllers are not influenced by the imbalance
sharing control. This means also that there is a decoupling between the virtual balanced

impedance loop and the virtual unbalanced impedance loop shown in Fig. 4.3.

Unbalanced Power (defined by CPT) Voltage Unbalance Rate PVUR Virtual Resistances (R} , RY)
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6 | = 0.189 4, 0-129
g I § | 40 é
2 | I &, gl S | I
500 | | 2.89 2.89 |
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Fig. 4.18. (a) Unbalanced power, (b) PVUR index in both inverters and load, (c)
unbalanced impedances evolution - Matlab data logging of the experimental
waveforms.
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Fig. 4.19. Active and Reactive Powers in both inverters before and after the activation
of the proposed control (captured by the data acquisition system of Triphase units) —
Matlab data logging of the experimental waveforms.
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Fig. 4.20 shows the effective (RMS) voltages at the output of the inverters during this
test, where it is possible to see the dynamic performance of the proposed cooperative
imbalance sharing method. The control is enabled at t=72s, and after that, the
unbalanced voltage in the inverters is increased, to achieve a cooperative current
imbalance sharing among the inverters. After 72s, it is possible to conclude that the
transient response of the proposed scheme is less than 3s. The same is concluded after

t=87s when an additional unbalanced load is connected to phase “A” at the PCC.

RMS voltage at the output of inverter 1 RMS voltage at the output of inverter 2
125 T T T 125 T T T
—— Phase A t=72s 1t=87s —PhaseA|  t=72s t=87s
124| —Phase B | 4 124 —Phase B | [
——Phase C ——Phase C .
Connection of

Connection of
Unbalanced Load

Unbalanced Load

Voltage [V]
Voltage [V]

119

b)
60 65 70 75 80 8 90 95 60 65 70 75 80 85 90 95
Time [s] Time [s]

Fig. 4.20. (a) RMS voltages at the output of inverter 1, (b) RMS voltages at the output of
inverter 2, (the load impact is applied to phase A) - Matlab data logging of the
experimental waveforms.

In this experimental test, the proposed control scheme causes an increase in the
PVUR atthe PCC, from 2.5% to 4%, as shown in Fig. 4.18(b). This issue can be explained
based on equations (51) and (52). The unbalanced voltage at the PCC, Vp¢ ,,, depends
on the unbalanced impedances Z},;; and Z},,;,. Since the unbalanced power sharing
between the inverters is controlled through the addition of these impedances, it will modify

the unbalanced voltage component at the PCC and its PVUR index. This issue can be

solved if the proposed secondary control shown in Fig. 4.7 is implemented in the 3¢ four-
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wire MG. In order to study the performance of the proposed secondary control in this
condition, the MG used in this experimental test is simulated (with the secondary control
shown in Fig. 4.7, using the PI parameters k,, = 0.3 and k; = 6.6) using Plexim PLECS
software and with the operating conditions given by the experimental test. The simulation
is performed after t=72s (see Fig. 4.18), where it can be appreciated that the proposed
control scheme achieves a cooperative imbalance sharing among the 4-leg inverters but
the PVUR at the PCC is increased from 2.5% to 4% in the experimental test [see Fig.
4.18(b)]. This condition is simulated and it is shown in Fig. 4.21(a) before t=2s. At t=2s,
the proposed secondary control shown in Fig. 4.7 is enabled to regulate the PVUR at the
PCC to 3%. In Fig. 4.21(a), after t=2s, the proposed secondary control effectively
achieves this reference, by decreasing the PVUR references in the inverters. In Fig.
4.21(b) the RMS voltages at the PCC are shown before and after the activation of the
proposed secondary control. Unbalanced voltage is decreased with the activation of the
secondary control. Therefore, it can be concluded that the proposed control scheme for
achieving a cooperative imbalance sharing can be easily extended to work together with

a secondary control scheme as that shown in Fig. 4.7.

10- Voltage Unbalance Rate PVUR _ 130 RMS voltages at the PCC _
a) : Inverter #1 b) : ——Phase A
9 | Inverter #2 130 I —z:ase i
8 I —PCC 128 ] —Phase
7 | 126 I Activation of proposed
6 I Activation of proposed 1241 . secondary control
-4 I secondary control %‘ 122 ! 5—_ T —
25 ! A & [
o I ///' % 120 I I
4 ﬂ o ~ 118 |
0,
0 3.0%
3.2.8% | 116 1
! ]
2 | 114 I
1 0.6% | 112+ |
0 \ 110 I : ;
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Fig. 4.21. Performance of the proposed secondary control scheme in the experimental
test- Simulation results.
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4.4.2.2 CASE 2: INVERTERS CONNECTED TO THE COMMON LOAD

THROUGH EQUAL INDUCTIVE LINE IMPEDANCES

In this case, both inverters shown in Fig. 4.15 are connected to the common load with
inductive line impedances equal to 2.5mH. Based on that, the unbalanced power is
distributed between the inverters in the same proportion as shown in Fig. 4.22(a) before
t=67s. Taking into account that for this case, it is assumed that inverter 1 has a power
rating of 22kW and inverter 2 has 5kW of power rating, it would be desirable that inverter
1 injects almost all of the unbalanced power because it has a higher power rating that
inverter 2. To achieve this, the following references for the voltage imbalance index
(PVUR; and PVUR3) are given to the inverters: 0.6% for inverter 1 and 3% for inverter 2.
The first PVUR set point means that a sensitive load could be placed at the output of
inverter 1 while the PVUR set point to inverter 2 corresponds to the maximum voltage
imbalance permitted by the ANSI C84.1-2006 (3% of imbalance). It means that sensitive
loads should not be placed at the output of inverter 2.

The proposed control scheme is enabled at t=67s (referred to the timescale of the
Matlab data logging of the experimental waveforms shown in Fig. 4.22 , Fig. 4.23 and
Fig. 4.25) with a PVUR reference of 0.6% for inverter 1 and a PVUR reference of 3.0%
for inverter 2. Fig. 4.23 shows how active and reactive powers are not affected by the
activation of the proposed controller, confirming the expected decoupling feature, i.e.
conventional P — f and Q — E droop controllers are not influenced by the imbalance
sharing control. It means also that there is a decoupling between positive current
sequence and both negative and zero current sequences.

Fig. 4.22(b) shows that the PVUR references are correctly achieved. It can also be

noted that before the proposed control is initiated, the PVUR at the PCC is 2.2%, and
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after that, this index increases to 3.5%. This increase is due to the specific values
selected for PVUR; and PVUR;.

Fig. 4.22(a) shows that the unbalanced powers in both inverters before t=67s are equal
because the load current is distributed between the inverters in equal proportion, as
shown in Fig. 4.24(a) and Fig. 4.24(c). With the proposed control, the unbalanced power
in the converters is distributed in a different proportion according to their different
unbalanced output impedances: in Fig. 4.22(a) after t=67s, inverter 1 supplies a larger
share of the unbalanced power. This can be also seen in Fig. 4.24(b) and Fig. 4.24(d),
where the degree of imbalance in the current of inverter 1 is increased respect to the
case shown in Fig. 4.24(a) [case where the proposed control scheme is disabled] and
the imbalance in the output current in inverter 2 is decreased respect to the case shown
in Fig. 4.24(c) [where the proposed control is not working]. It means that the proposed
control algorithm achieves an imbalance load power/current sharing according to the

inverter power rating.

Unbalanced Power (defined by CPT) Voltage Unbalance Rate PVUR
5
a) 1 — Inverter #1 — Inverter #1 ! b)
1000 1 — |nverter #2 ——Inverter #2 1
| 4 —pcec | 3:5%
800 I 1 reuanmpssoseim it
| 1/ -
o 3 |”
T 600 S 2.2% 3.0%
2, O tmqpamns ymsgaty
400 o
| t=67s 0.6%
_ 1 =0/ o (o
200 t=67% i
I W
0 1 O T
50 80 70 80 50 60 70 80
Time [s] Time [s]

Fig. 4.22. (a) Unbalanced power for case 2, (b) PVUR in inverters and PCC- Matlab
data logging of the experimental waveforms.
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Fig. 4.23. Active and Reactive Powers in both inverters before and after the activation
of the proposed control — Matlab data logging of the experimental waveforms.

NN

v

Inverter 2 without unbalance sharing control] Inverter 2 with unbalance sharing control
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Fig. 4.24. (a), (c) - Output current in inverters 1 and 2 without the proposed control, (b),
(d) - output current in inverters 1 and 2 with the proposed control activated. (10A/div)
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Fig. 4.25 shows the effective RMS voltages at the output of the inverters (captured

using the Triphase data acquisition system) before and after the activation of the

proposed control scheme. In this figure, before t=67s, the imbalances at the output of the

inverters are small, and thus the imbalances among the inverters are sharing at a

proportion which depends on the inverters’ line impedance [see Fig. 4.22(a)]. After t=67s

(see Fig. 4.25), when the proposed method is enabled, the imbalances at the output of

the inverters are increased to achieve the PVUR references shown in Fig. 4.22(b) [0.6%

for inverter 1 and 3% for inverter 2]. Therefore, the proposed control scheme shares the

imbalances among the inverters cooperatively in a proportion which does not depend on

the inverters’ line impedance.

RMS voltage at the output of inverter 1
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Fig. 4.25. (a) RMS voltages at the output of inverter 1, (b) RMS voltages at the output of
inverter 2- Matlab data logging of the experimental waveforms-.
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4.5 Extension to harmonic sharing

The proposed imbalance sharing control scheme can be used to share harmonics if
the common load is non-linear. Therefore, the proposed control scheme shown in Fig.
4.3 can be implemented using the void current [see (12) in section 2.1], instead of the
unbalanced current (see Fig. 4.3). Moreover, the unbalance index PVUR can be replaced
by the Total Harmonic Distortion of the voltage at the inverter output. This THD is
calculated in real-time by the microprocessor used to control the inverters shown in Fig.
4.15. The practical implementation of the proposed control algorithm for harmonic sharing
is depicted in Fig. 4.26 and Fig. 4.27. As was stated above, to use the proposed control
algorithm for sharing harmonics among the inverters it is necessary to use the void
current instead of using the unbalanced current. Moreover, the PVUR index used for
imbalance sharing must be replaced by the total harmonic distortion index (THD). It is
worth noticed that in Fig. 4.26 and Fig. 4.27, inverter 1 is used as an example to show

the implementation of the proposed control scheme for achieving harmonic sharing.
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Fig. 4.26. Practical implementation of the proposed control scheme for harmonic
sharing. (The inverter 1 was used as an example)

% void void
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Fig. 4.27. Details of the virtual resistance computation block shown in Fig. 4.26. (Only
inverter 1 is shown)
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45.1.1 SIMULATIONS FOR HARMONIC SHARING

In 4-wire systems, third harmonic currents are an important concern since they will
flow for the neutral wire, which can produce overloading of the neutral conductor, among
other problems [18] [19]. For this reason, the performance of the proposed control
algorithm applied for third harmonic current sharing is validated through simulation work.
To do that, the experimental system described in the section 4.4.2 is simulated using
Plexim PLECS software, and it is assumed that the 4-leg inverters are feeding a load
which produces a third harmonic current component. Moreover, it is assumed that the
inverters are connected to the load through equal line impedances of 0.8mH. In these
conditions, the load current has third harmonic, and because the system is a 4-leg
system, a third harmonic current also flows through the neutral wire. This can be
appreciated in the load current used in the simulation work which is shown in Fig. 4.28
(in this work w, = 2m50). Fig. 4.29 shows the results of a Fourier analysis of the currents
shown in Fig. 4.28. From these figures can be appreciated the load current has both
fundamental and third harmonic currents. Moreover, only third harmonic current flows for

the neutral conductor. [See Fig. 4.29(b)]

Load Current Neutral Current in Load
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Fig. 4.28. (a) Phase currents in the load, (b) neutral current in the load—

Simulation results
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Fig. 4.29. (a) Fourier analysis of the phase currents in the load, (b) Fourier analysis of
the neutral current on the load— Simulation results
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The simulation work is divided into two steps: (i) step 1 (0s <t <3s) where the proposed
control system is not enabled, and (ii) step 2 (3s <t < 6s) where the proposed control
scheme is activated to enable the third harmonic current sharing between the inverters.
This control scheme is activated with the following voltage THD for the 4-leg inverters®:
5% for inverter 1 and 1.5% for inverter 2; both values agree with the IEEE Std. 519-1992
for voltage distortion [64]. Fig. 4.30 shows the void power (defined in section 2.1
contained in chapter 2) in the two steps studied. From this figure, it can be concluded that
in step 1, both inverters have the same void power since they are connected to the load
with the same line impedances (0.8mH). In step 2, when the proposed control scheme is
enabled, the void power is sharing between the inverters in a different proportion
compared to step 1. In fact, in step 2, inverter 2 inject more void power than inverter 1.
Fig. 4.31 shows the Fourier analysis of the phase currents at the output of each inverter

for the two steps studied. From this figure, it can be appreciated that in step 1, the

5 These THD set points were chosen based on simulation results
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magnitude of the fundamental and the third harmonic currents in both inverters are equal.
Conversely, in step 2, when the proposed controller is working, the third harmonic current
is shared among inverters in a different proportion. In this case, inverter 2 inject more
third harmonic current into the load than inverter 1. The same trend can also be
appreciated in Fig. 4.32 where the third harmonic neutral currents at the output of the
inverters are shown. From this figure, it can be concluded that in step 1, both neutral
currents are equal. In contrast, in step 2, inverter 2 injects more neutral current than
inverter 1. It should be pointed out that the fundamental current magnitude in both
inverters is not altered when the proposed control scheme is working. Finally, from this
simulation work, it can be seen the effectiveness of the proposed control scheme to
manage third harmonic currents.
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Fig. 4.30. Void Powers in both inverters— Simulation results
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Fig. 4.31. Fourier analysis of the phase currents in both inverters (step 1), (b) Fourier
analysis of the phase currents in both inverters (step 2) — Simulation results

Neutral current at the output of the two inverters

-10 = Inverter #2
— Inverter #1

05 1.0 1.5 20 25 3.0 35 40 45 50 55 6.0
Time [s]
Fig. 4.32. Neutral current at the output of each inverter in the two steps analysed—

Simulation results
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45.1.2 EXPERIMENTAL VALIDATION FOR HARMONIC SHARING

To validate the control system proposed for harmonic sharing, the line impedances
from the experimental test discussed in the section 4.4.2.1 are maintained® , and a
programmable load is connected at the PCC of the experimental system. This load is
controlled to operate as a 3¢ nonlinear load without neutral, absorbing the distorted
currents shown in Fig. 4.33. Results are depicted only for the 5™ harmonic component of
the current because this is the main contributor to the THD for the current shown in Fig.
4.33. In Fig. 4.34, void powers (section 2.1) — including the effect of all the harmonics —
and 5" harmonic currents are shown before and after the activation of the proposed
control at t=83s. Before enabling the control system, noting the inverters have different
line impedances with line impedance of inverter 1 being smaller than that of inverter 2,
the void power and the fifth harmonic current supplied by inverter 1 to the load is higher
than inverter 2. After activating the sharing control with an output voltage THD set point
of 3.0% for inverter 1 and a THD of 2.8% for the output voltage in inverter 2 (both set
points were calculated based on simulation results and with the aim of changing the
pattern in which the void power is shared between the converters), the sharing profile is
changed and now, inverter 2 injects most of the harmonic current content of the load. Fig.
4.34(c) shows that these THD set points are achieved by the local controllers of the
inverters. To analyse the THD of the 5" harmonic of the current in both inverters before
and after the activation of the proposed control, a Hioki 3196 Power Analyser has been

used. Before t=83s, the 5" harmonic current THD is 14.67% in inverter 1 and 7.45% in

6 Inverter 1 is connected to the unbalanced load using an inductive line with L=1.25 mH and inverter 2 with

a line inductance of 2.5mH
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inverter 2. After that time, this index is 7.74% in inverter 1 and 15.43% in inverter 2. This
result shows that the 5" harmonic power and current can be shared effectively with the
proposed control scheme. These results match with the results shown in Fig. 4.34(b). It
is worth noting that the objective here is not to reduce the THD of the voltage at the PCC
but to modify how the harmonic components of the load current are shared between the
two inverters. This is achieved by controlling the THD in the voltage at the output of the
inverters.

If the nonlinear load has neutral, third harmonic current will flow through the neutral
wire. In this case, the implementation of the proposed control scheme discussed in this
section is the same, but now the 5" harmonic is replaced by the 3™ harmonic. The
proposed control scheme achieves a sharing of the 3™ harmonic between the phases of
the inverters and also between the neutrals of them. It is worth remembering that the void
current defined by the CPT [see (12) in section 2.1] contains the harmonics present in
the current [43] [66] [68] and therefore a specific harmonic can be selected from this
current by using a suitable filter and based on it, the proposed control scheme depicted

in Fig. 4.26 and Fig. 4.27 can be implemented.
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Fig. 4.33. Characteristics of the experimental non-linear load.
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Fig. 4.34. (a) Void powers in both inverters, b) 5" harmonic current at the output of the
inverters before and after the activation of the proposed control, and ¢) THD of the
voltage at the output of the inverters — Matlab data logging of the experimental

waveforms.

4.6 Comparison between the proposed control

scheme and previous methods reported

As was discussed in the introduction of this chapter, the proposed control scheme for

sharing imbalances in 4-wire microgrids is based on the Conservative Power Theory

(CPT). Using this theory, it is possible to perform a simple identification, in the abc

reference frame, of the balanced, unbalanced and non-linear components of the currents

and powers. The main differences between the proposed control algorithm and those

reported in the literature can be summarised as follows:

¢ Contrary to the previous control algorithms for managing imbalances in MGs, the

proposed controller does not require the use of an algorithm for separation of

sequence components. It produces a more robust imbalance sharing algorithm,

particularly because most of the sequence separation algorithms are strongly

affected by, noise, harmonic distortion, small variations in the sampling time, etc.

[45] [46]
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e The CPT can be used to identify distorted components of current and power, and
therefore it can be used for extending the proposed imbalance sharing controller
to achieve the sharing of harmonics among the converters. In this thesis, the
extension for harmonic sharing was discussed and experimentally validated.

o To the best of the author’'s knowledge, there is only one paper where a control
scheme for cooperative imbalance sharing in 4-wire MGs is discussed in [44]. The
other control schemes are proposed for 3-wire MGs. Therefore, the proposed
controller is a contribution to the study of issues related to zero sequence
components in MGs. Contrary to [44], which is based on sequence separation,
the proposed controller proposes a novel methodology (based on the CPT) to

address these issues.

To explain in the best way the differences between the proposed controller and the
previous ones reported in the literature, in this section, a comparison between the
proposed algorithm and that reported in [44] is performed. Fig. 4.35 shows the
implementation of the proposed control scheme, while Fig. 4.36 shows the
implementation of the controller proposed in [44]. From these figures, and as was
discussed at the beginning of this subsection, it can be appreciated that the proposed
controller uses the CPT to obtain directly the magnitudes necessaries to perform the
control of imbalances (see Fig. 4.35). On the other hand, the controller proposed in [44]
requires a previous step, to perform the identification of the sequence components of the
system (see Fig. 4.36).

Another difference between the proposed controller and that reported in [44] is the
fact that the inner control loops in the proposed controller, can be directly performed in
the abc reference frame (see Fig. 4.35). However, the inner control loops for the controller
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reported in [44], are implemented in the dq reference frame, and therefore the Park
transform must be used.

Finally, from Fig. 4.35 and Fig. 4.36, it can be appreciated the virtual resistance (R}")
for each power converter is dynamically adjusted by the control loop depicted in Fig. 4.35.
This control loop ensures that the imbalances in the voltage at the output of each
converter does not exceed regulatory limits. In contrast, from Fig. 4.36, it can be
concluded that the virtual resistances Ry and R? are not dynamically adjusted, and they
are set to be constant. Based on that, the unbalanced voltage at the output of the power
converters are not regulated, and it can exceed regulatory limits in some operational
conditions (level of imbalances at the load). The latter does not happen with the proposed
controller since the imbalances at the output of the converters are always regulated.

It is worth remembering that in the planning of a 4-wire microgrid, the fact that not all
the loads have the same sensitivity to the voltage imbalance should be considered.
Therefore, buses, where sensitive loads may be located, have to be subjected to more
stringent voltage requirements than those buses where no sensitive loads are connected.
Based on that, at solving the proposed optimisation problem (69), the PVUR set points
for each power converter are calculated, and therefore an optimal imbalance sharing is

achieving. (See section 4.3.3)
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Fig. 4.35. Proposed control algorithm for sharing imbalances in 4-wire MGs
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Fig. 4.36. Control scheme for sharing imbalances in 4-wire MGs proposed in [44]
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The proposed control scheme shown in Fig. 4.35 and that reported in [44] (see Fig.
4.36) were simulated using PLECS software to perform a comparison between them.
Both control schemes were simulated using the parameters of the MG’ of case 1
discussed in the section experimental results (see section 4.4.2.1).

As was discussed earlier in this section, the proposed control scheme (see Fig. 4.35)
requires PVUR set points in order to calculate proper virtual resistances (R}, RY) to
achieve imbalance sharing. These set points were calculated using the methodology
discussed in section 4.3.3. Based on this methodology, the set points for each converter
were established as follow PVUR;] = 2.4% and PVUR; = 0.6%. On the other hand, to
implement the method reported in [44] (see Fig. 4.36), the delay signal cancellation
method [45] [46] is used for extracting the sequence components. Moreover, since in [44]
a procedure to calculate virtual resistances (see Ry, R?) is not given, in this comparison,
similar values to those used in [44] are used, they are R = RY = R; = R) = 1.50).

In the simulation work, three steps were studied: step 1 (0s <t < 5s), where the
imbalance sharing algorithms are disabled, step 2 (5s <t < 10s), where the imbalance
sharing algorithms are enabled at t=5s, and step 3 (10s < t < 15s) where an additional
unbalanced load is connected to the PCC at t=10s (increasing the level of current
imbalance in the system). The performance of both imbalance sharing algorithms
depicted in Fig. 4.35 and Fig. 4.36 is studied in these three steps, and a comparison

between them is performed.

7 Two power converters are feeding a single common load. Converter 1 is connected to the unbalanced load

using an inductive line with L=1.25 mH and Converter 2 with a line inductance of 2.5mH
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Fig. 4.37(a) shows the unbalanced power of the MG when the converters are
controlled with the proposed control system [see Fig. 4.35]. Fig. 4.37(b) shows the
unbalanced power of the MG when the converters are controlled using the control
scheme reported in [44] (see Fig. 4.36). From step 2 shown Fig. 4.37 (when both
imbalance sharing schemes are enabled), it can be concluded that the proposed control
scheme achieves better imbalance sharing than that reported in [44]. It is because when
the proposed control scheme is used, the virtual resistances are optimally calculated
(according to the methodology discussed in section 4.3.3) to achieve an optimum
imbalance sharing. This does not happen with the method reported in [44], where a
methodology for determining these virtual resistances is not provided.

Fig. 4.38(a) shows the PVUR index of the voltage at the output of the converters (in
the three steps studied) when the converters are implemented with the proposed control
scheme (see Fig. 4.35). Fig. 4.38(b) shows the PVUR index of the voltage at the output
of the converters (in the three steps studied) when the converters are implemented with
the control scheme depicted in Fig. 4.36. From step 2 shown in Fig. 4.38, it can be
concluded that the proposed controller achieves imbalance sharing, inducing lower
PVUR values at the output of the converters than those produced by the method reported
in [44]. Analysing step 3 in the same figure, it can be appreciated that the PVURSs in the
converters, when they are controlled using the method reported in [44], increase
noticeably as shown in Fig. 4.38(b) [step 3]. The latter may produce a voltage-quality
issue. This phenomenon does not happen when the converters are controlled with the

proposed control scheme as shown in step 3 of Fig. 4.38(a).
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Fig. 4.37. (a) Unbalanced power in both converters when they are controlled with the
proposed control scheme, (b) Unbalanced power in both converters when they are
controlled with the controller reported in [44]
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4.7 Chapter Conclusions

In this chapter, a new control algorithm for sharing load imbalance between inverters
in a droop controlled MG has been presented. The proposed control scheme is based on
the conservative power theory (CPT) to achieve the sharing objective in the abc reference
frame, decoupled from the other control loops. The operating principle is based on
decomposing the inverter current into balanced and unbalanced components according
to the CPT, and on the concept of unbalanced virtual output impedance, implemented in
the inverters’ control loops. These unbalanced impedances are only seen by the
unbalanced components of the inverter currents, and the impedance can be actively
controlled to modify the sharing of the unbalanced components of the load current
between the two inverters. Experimental results obtained from a laboratory scale
microgrid confirmed the effectiveness of the sharing strategy, as well as the absence of
any interference with the droop control. The extension of the proposed control scheme
for sharing harmonics is discussed, and both numerical and experimental validation of
this extension is provided.

The main differences of the proposed imbalance sharing algorithm with the previous
ones reported in the literature can be summarized as: (i) The proposed scheme does not
require sequence separation algorithms, (i) a new method to define the preliminary
unbalanced voltage set points is proposed, and (iii) contrary with the only paper where a
control scheme for cooperative imbalance sharing in 4-wire MGs [44], the proposed
control scheme can be easily extended to harmonics due to it does not require sequence

separation algorithms.
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Chapter 5. Proposed Small Signal
Model to Study the Effects of the PLL
on the System Stabillity

5.1 Introduction

In this chapter is proposed an improved design process for the commonly used dqg-PLL
that accounts for the potential stability issues arising in weak grids. The proposed design
method is based on a new small signal model of a 3-leg converter connected to a
balanced three-phase three-wire weak grid and synchronised with a dg-PLL. Based on
the model, an exhaustive analysis of the system stability as a function of the PLL
bandwidth and the Short Circuit Ratio (SCR) of the grid is performed. With the proposed
approach it is possible to optimise the PLL design to find the fastest PLL that can operate
stably with the SCR of the grid. In addition, the proposed model is particularly simple,
resulting in a low-complexity design tool that could also be used for online stability
monitoring. The theoretical background of the proposed dg-PLL model and design
process is first presented. The method is then validated through a combination of Plexim
PLECS simulations and experimental results from a 5kW laboratory-scale system.
Experimental evidence confirms the validity of the model and the effectiveness of the
design method.

As was stated in the previous paragraph, the system studied in this chapter
corresponds to a 3-leg converter connected to a balanced three-phase three-wire weak
grid. Based on that, the proposed PLL design process can only be used in this type of

system (because the positive sequence component only is considered in the modelling
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process). However, the proposed PLL design process could be extended to consider
unbalanced and/or the presence of harmonic in weak grids. Based on that, the work
developed in this chapter aims to consider the effects of the PLL bandwidth versus the
short circuit ratio for a simple application to establish a methodology to analyse the
stability of the proposed control algorithms discussed in chapters 3 and 4.

The rest of this chapter is organised as follows: in section 5.2 the typical dg-PLL design
process is discussed alongside the objectives of the improved design. Section 5.3
introduces the proposed low-complexity small signal model. Section 5.4 validates the
proposed model stability prognosis against simulation results. Section 5.5 reports the
experimental validation. Finally, in section 5.6 the main conclusions about the proposed

PLL design scheme shown in this chapter are presented.

5.2Enhanced PLL Design Process

5.2.1 Proposed PLL Design for Weak Grids

The widely adopted method for the design of a dg-PLL is the simple linearised model
shown in Fig. 5.1. The closed-loop transfer function can be calculated as in (71), where
the parameters k,p;;, and k;p,;, are proportional and integral gains of the PI controller and
E,, is the magnitude of the PCC voltage. Equation (71) is a second order transfer function
characterized by a natural frequency w, 4+ and a damping ratio . Comparing (71) with a
generic second order system, equations (72) and (73) are obtained. To tune k,p;;, and
k:pr., the transient response of the phase-locked loop is set through the design
parameters w,,; and {. Since this design method uses a simple PLL model, the gains

kpprr and k;py; obtained with it will always result in the system shown in (71) being stable.
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It is worth remembering that the choice of w,4; and ¢ will determine the dynamics of
the PLL. From a general perspective, PLLs with low bandwidth are required when the
grid voltage is unbalanced/distorted (for cancelling ripple). In contrast, when the tree-
phase system is clean and balanced, three-phase PLLs can be implemented with a high
bandwidth, which results in a very fast transient response® [107] [108]. In this thesis, the
latter case is studied to develop a methodology for understanding the effects of the PLL
bandwidth in a simple system. This methodology, as future work, can be modified to look
at the CPT-based controllers proposed in chapter 3 and 4, and considering unbalanced

and distorted conditions.

AG,(s)

kiPLL 1 Aée (S)

v
=~

Em pPLL

Fig. 5.1. Basic small signal model of a dg-PLL.

Aée (s) _ EmkaLLS+ E KipLL

71

Age (S) 32 + EmkaLLS + Em kiPLL ( )

Opat = Em kiPLL (72)
_ kaLL E.

¢ = > A (73)

iPLL

The PLL design process described above assumes an ideal grid with negligible
impedance. However, this is no longer the case when the PLL is used in a weak grid with
non-negligible impedance. For this reason, in this investigation, an enhanced two-stage

PLL design process is proposed, whose basic flow-chart is shown in Fig. 5.2. The first

8 Providing fast and clean phase-angle estimation
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stage is the ideal PLL design discussed above, whose outputs are the proportional and
the integral gains calculated using (72) and (73). In addition, at the output of the design

block, the PLL bandwidth (BW) associated with k,p;;, and k;p;;, is calculated to

characterize the PLL performance in terms of its transient response.

The second stage is the stability analysis block that determines whether the PLL
designed in the previous block will be stable or unstable when it is used in a weak grid
with known parameters. The stability analysis block is based on the simple state space
model of the system in the dg reference frame proposed in this paper and discussed in
section 5.3. Both the system studied in this work, and the proposed small signhal model
will be discussed in the following sections. It is worth noting that the PLL design process

shown in Fig. 5.2 is flexible and can be used with any other PLL design procedure.

PLL Design Block Stability Analysis Block

Kopii and K are calculated using (72) and (73) | Operating points

BW= PLL bandwidth

Grid Impedance | System Stability

Analysis
L’ EmkaLLS + Em kiPLL kaLL Kipr, BW R
—»z s+ EmkaLLs + EmkiPLL ]
Linearised PLL model Proposed small signal
model

Fig. 5.2. Flow-chart of the proposed PLL design scheme to be used in weak grids.

5.2.2 System Under Study

Fig. 5.3 shows the diagram of the three-phase three-wire balanced system considered
for this work. This topology is commonly used in power systems based on distributed

generation (DG) units, e.g. photovoltaic. In some cases, renewable sources are installed
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in remote locations, far from the main power grid, requiring long lines to transmit the
power. In other cases, renewables are connected to distribution feeders designed for a
relatively low power rating, with transformers characterised by non-negligible impedance.
In the worst case, renewables contribute to the power generation in autonomous remote
grids, typically powered by diesel gensets.

In all these cases, the AC grid seen by the converter is weak. It is therefore important
to study the effects of the PLL on the system stability to prevent the inverter from tripping.
In this work, it is assumed that the inverter shown in Fig. 5.3 is connected to a balanced
three-phase three-wire weak grid. In this type of system, it is desirable to have a PLL with
high bandwidth to ensure a fast-transient response. However, the weaknesses of the grid

impose a trade-off between the maximum PLL bandwidth and the stability of the system.

! Power Stage Weak Grid . dq reference frames

E i q a q c

1 1

N B e L | U — !

E rYYgL/\/\/\/% '~ i a

: MWW =~ ' d

: . AW ~ :

: L e I ! %0 ) dc
E labc | Labe E1abc I gabc Vgabc :

1

1
4 Variables of the system in both reference frames

'fq abc jPLL abc 0., Operating points in
dq dq d¢—q¢ d*—q° both reference
y fram
Vig k.7t +k. [ 78] Pa i | Ex [Ex . . e
le—24 () e— Kpa?aa + u_[?’m Viabe Vidq Vi, Vo Vi
K B . ¢ e _ ,
V, “ Pl controllers in the time-domain Ilq Elq 955 kaLLe+ kiPLLIe — _.“"PLL Liabe Iqu I1adu |1quo |1adqo

1q
le——() . - C «— c a
T kp17 1q + kilI 7 1q ylcq |;q° Elabc Elcdq E;q Eldqo Eldqo

dg-based PLL Model I 1° 12 1€ 12

e gabc gdq gdg gdgo gdqo
PLL c c a c a
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I I3 12 I¢ Ig

Clabc Cldg Cldq Cldgo Cldgo

!_Current Controller o, :nominal grid frequency | §: angle between E., and Vgase

Fig. 5.3. Current controlled grid connected three-phase three-wire converter with dg-
PLL.
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It is worth recalling that a weak grid can be defined by the Short Circuit Ratio (SCR)

[28] [29] shown in (74), where V; is the line to line RMS voltage at the PCC, Z, is the grid

impedance, and P, 4.4 IS the nominal power of the inverter. Based on the SCR, a weak
grid is conventionally identified by a short circuit ratio in the range 2 < SCR <3 [28] [29]
and a very weak grid is when SCR< 2. Some examples of SCR values in wind power
plants connected to weak grids in Australia are discussed in [109]: (i) Musselroe

(SCR=1.74), (ii) Collgar (SCR=2.65), and Silverton (SCR=1.24).

2

v
SCR=—2¢ (74)

g "~ Mrated

5.3 Linearised State-Space Model

In this section, the proposed low-complexity small signal model of the system
described in Fig. 5.3 is developed. To achieve this, two dq reference frames are defined.
The first one is named the Converter Reference Frame (CRF, d¢ — g€) and uses the
angle estimated by the PLL from the measured capacitor voltages E; 45 in Fig. 5.3. The
second one, is the Actual Reference Frame (ARF, d* — q%), aligned with the actual angle
of the capacitor voltages E; 4. At steady state, the CRF is aligned with the ARF. When
small signal perturbations are added to the capacitor voltages (E;45c), CRF and ARF are
no longer aligned because of the PLL dynamics. In this case, the phase relationship
between the frames is given by (75). In this equation, X¢ corresponds to the dg complex
variable in the CRF, X% is the dg complex variable in the ARF, and 48 is the difference

between the angle of the ARF and the one of the CRF (Fig. 5.3). As shown later in the
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analysis, this angle allows the easy inclusion of the PLL dynamics in the system

modelling.

X¢ =g in0. xa (75)

5.3.1 Converter Model in the CRF

5.3.1.1 CURRENT CONTROL LooOP

As shown in Fig. 5.3, the current control is a conventional dq control with Pl regulators

and feed-forward terms. The corresponding state equations are given in (76)-(78).

Pra = lig — 1y » Pra = Vg — iy (76)
Vl;c = _a)PLLLlllcq + kplylcd + kil.[]}lcd (77)
Vl;C =wp, Ll + kpl]}](.:q + kil_[7fq (78)

Using (76) in (77) and (78), the latter two equations can be rewritten as shown in (79)

and (80) respectively.

Vlff = ~Wp L1|1Cq + kpl ( |1*dC - Ilcd )+ kil?’fd (79)

Vl;C = opy Lyl +Kpy ( II; — Iy ) +Kiurq (80)
Finally, using (76), (79) and (80), the matrix representation of the current control loop

of the converter depicted in Fig. 5.3, in the time domain, is calculated. This representation

is given by (81) and (82). [In the CRF]

N N A o
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Vl? Kiy 0 Via kpl 0 |1*dC 7kp1 —wp Ly I
[Vﬂf}:[ 0 kilj[qu]+[ Y kplj[lf§J+[prLL1 —Kp j['qu (82)
Equations (83)-(84) represent the linearised state-space form of equations (81)-(87).

It4o and I7,, are the operating points associated to the inverter output current (I;45c) in

the “c” reference frame (see Fig. 5.3); w, is the nominal grid frequency and Awp;; is a
small signal frequency perturbation caused by the PLL algorithm. (More information about

the linearisation process is presented in Appendix C)

APy
APy,
AV,F
AV, P

0 O\(Ary 1 o\(Aly —1 0)(Al

(0 oj Ay, +[o 1) Al J{o —1] Alg, (83)
kil 0o A7/10d kpl 0 AIlwdC _kpl —@, L1 AIlcd _Ilcqo Ll

RIS e il et g vl (g N CD

5.3.1.2 LC FILTER MODEL

From Fig. 5.3, applying Kirchhoff's Voltage Law (KVL) to the converter side, yields

(85) [in the af reference frame]. In this equation \Z =V, + leﬁ (voltage at the inverter
output), Tl =1, + jllﬂ (current at the inverter output) and E:= E.,+ jElﬁ (voltage

across the capacitor), and j represents the complex operator. Equation (87) shows the

linearised small signal state-space form of (86).

v =RT+L b B (85)

Transforming (85) to the converter dq reference frame (see Appendix D), and
rearranging it, yields (91). Finally, Equation (87) shows the linearised small signal state-

space form of (86) (see Appendix C):
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R, 1 1
AT T (AT AT (Y7 T R T =)
is )~ e )" 1 |lve )" 1| ES (86)
1q —p, _R U 0 — |\ o = 1q
L L L,
R, 1 1
AT e NPT Il OAVEA T R T [N W AT
AlS - Al * 1|l Ave 1 || AES c Awp (87)
1q —, _R 1q 0o = 1q 0o - 1q 166
L L L

Assuming that AV{g ~ AV, and AVi¢ ~ AVY,, i.e. the voltage references given by (77)

and (78) are effectively produced by the converter, and evaluating (84) in (87), yields

(88):
R k k
. | S et 0 P 0 - 0 -—— 0
AT, [Lﬁuj AR A |G AR AES,
[Affq] R k*] mg T ke e )T g ke (LA )T 1 flae ) (88)
L

5.3.1.3 PLL AND CONVERTER MODELS

Considering now the PLL and assuming that an instantaneous frequency deviation
Awp;; exists at the output of the Pl controller of the PLL [73] [83], (89) can be written (in
the time-domain). From this equation, a small perturbation in AEf, will produce a small
perturbation Awp;; at the PLL output. This perturbation will generate a small rotation A6
between the CRF and the ARF as discussed at the beginning of this section (see Fig.
5.3). Defining 4g = AEf,, (89) can be written in the matrix form shown in (90).

dAd . .
— = D =k AE [AE, (89)

YN 0 K, \(AO 0 Kyp \[ AEw
(2)-(5 5 )G ) )
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Al
' c
1q
AV
Ay,
AO
Ag

Finally, combining equations (83), (88) and (90), the overall state-space model of

the grid-connected converter with current control and PLL, derived in the CRF, is given

by (91).
k
— [—"1 + &] 0 ks 9 0 o
L L L Alg
0 (k’“ + le o X9 o Alig
_ L L L A
-1 0 0 0 0 o0 | Ay
0 -1 0 0 0 0 || ae
0 0 0 0 0 ke, |\Ag
0 0 0 0 0 O

5.3.2 Converter Model in the

ﬁ 0 ;1 0 .
L L Alyg
0 K o -t AlS AL,

N L L || Alg | Al (1 0 0 0 0 0) Ay
1 0 0 0 || A [ Alg, ) {01 0 0 0 0) Ay,
0o 1 o0 0 ||AE; AO
0 0 0 Ky Ag
0 0 O 1

To refer the converter model (91) to the ARF, equation (75) is used. This equation, as

small signal quantities, is given by (92).

AXg _ [ cos(ag,) sin(Adb,) AXG
AXE _[—sin(AOO) cos(AHo)j axa )"

(92)

—X3, -SIN(AB,) + X5, -cOs(A8,) AD
—Xgo -COS(AB,) — x5, -sin(A8,)

In (92), the subscripts “0” correspond to steady state quantities. Note that the angle

40, is zero in steady-state and therefore, (92) can be rewritten as (93):

AXS 1 0\ AxZ a
4= 4y oo |, AO
AXg 0 1){ Ax§ —X5

(93)

Axg Axg are small signal quantities in the CRF. Ax; Axg are small signal quantities in the

ARF. x4,, x§, are dependent on the operating point in the ARF. Finally, 46 is the small

perturbation in the angle between the converter and the actual reference frames, that

enables the inclusion of the PLL dynamics in the system model. (See Fig. 5.3)

Using (93), voltages (4Ef,, 4Ef,) and currents (417, Alf,) of the converter model

shown in (91) can be referred to the ARF as shown in (94).
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AES, _ AEY +ES, -A6 ALY _ Al — 13, - A0 (94)
AES, AE} —E, -A0 ) AL Alf, + 15, -A8

In these relationships, Efy,, Efy, and If;,, If,, are the currents and voltages of the
quiescent operating point in the ARF (currents are measured at the inverter output, see
Fig. 5.3), and they are calculated following the methodology discussed in section 5.3.3

Finally, using (94) and assuming that AI;g ~ Alj¢ = 0, the small signal model in (91)
is referred to the ARF to derive the model shown in (95). The assumption Al ~ Al{¢ =
0 is utilised because the current references are not affected by small variations in the PLL

states [73] [74] [75].

X ,[&+&J 0 & 0 ,i; 0 _1 0
Al L L L L Algy L Alg
Aliy 0 (*u R) o ke B o || Al o -1 . . . o (95)
AYrg _ L L L, L, lAver + L |[AES . Algy ] :[1 0 0 0 -l OJ AYig
AFS, 1 0 0o o 0 0 A¥E 0] 0 AEg ) Al 01 00 13 0) Ay,
AO 0 1 0 o0 0 0 AO 0 0 AO
Ag 0 0 0 0 Ky -El ke |LAD 0 Kpeuw Ag
0 0 0o o —E2, 0 0 1

5.3.3 Steady State Operating Points

From (95) it is concluded that the proposed model requires a steady-state operating
point to be evaluated (due to the system is non-linear). In particular, an operating point
of (95) is composed of four variables; they are Ef;,, Efgo, 1140, and If,, (see Fig. 5.3). All
of them are defined in the ARF — that however corresponds to the CRF in steady state.

The variable E7g, is equal to zero because the converter control is oriented in the d axis.

Moreover, as discussed above, the variables of the operating point associated to the

currents (I74,, If5,) in the ARF can be approximated with the ones in the CRF: I7;, = I];

and If,, = Iig. The remaining variable, Ef;,, is derived in this subsection.
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As the grid impedance (Z,) used in this work is mainly inductive and considering that
the grid voltage has an angle, d, with respect to the capacitor voltage (see Fig. 5.3), the
active power injected to the grid by the converter, can be expressed as shown (96) [38-
39]. In this equation, |E;gpc| and [Vgapc|, are respectively, the peak values of Ey 4, and

Vgane- (See Fig. 5.3)

_ E . |E1abc . |\/gabc
2 w,L,

-sin(d)

P

(96)

On the other hand, since the control of the converter shown in Fig. 5.3 is oriented in

the d axis (Ef, = 0), it can be demonstrated that E7; = |Eqqpc| [110], and therefore the

active power given by (96), in the dg reference frame, can be written as shown (97).

3 _a,a 3
PZE'Eldlgd :E-|Elabc

) ';d (97)
Finally, using (96) and (97), equation (98) is obtained. In this equation, I, is the
current of the grid in the d axis, wj, is the nominal frequency of the system, and L, is the

grid inductance.

. o, L 15,
sin(o) =|\/— (98)

Applying KVL to the grid side of Fig. 5.3, the system equation in steady state is that

shown in (99). In this equation, Iy, and Ig,, are operating points for the current on the

grid side (see Fig. 5.3). These operating points must be written as a function of the

inverter output current (I74,, IT,,, See Fig. 5.3) as shown in (100) and (101) because the

converter model (95) utilises these currents.

Elado = Rg ° Igado +Vg?:|o -, Lg | gqo (99)
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Iéldo = Re(J . El%owncl) = O' Iélqo = Im(J : Eladowncl) = Eladoa)ncl (100)

I:Iiio = Igado; I21.6210 = E:Iidoa)ncl_'_ I:qo (101)
Using (101) in (99), yields (102). In this equation, Vy, is the d component of the grid
voltage in the ARF, as shown in (103), where V, is the magnitude of the grid voltage and

the angle & is given by (98) [see Fig. 5.4]. Finally, using (98), (102)-(103) a theoretical

expression for the variable E;, can be obtained (104).

Elado = Rg ° Ile:jo — @, Lg (Ilaqo - Eladoa)ncl) +Vge:jo (102)
Vgado = l\/gabc ° Cos(é‘) (103)
a _ Ry - o —o,L |1aqo + \/l\/gabc ‘ _a)nzl—é (|1ado)2
es, = o e (104)
c _ o
(9 =4
Vs |
5 ] Ve, =, |-sin(&)

Trd

¥

-cos(d) d°=d"

Fig. 5.4. Projection of grid voltage in the inverter reference frame. In this figure the
d¢ — q° reference frame corresponds converter reference frame, and d* — q® reference
frame corresponds actual reference frame. (See section 5.3)

gl —

Ead

5.3.4 System Equations

In this subsection, the remaining equations associated with the system in Fig. 5.3 will

be derived. Note that all the equations are in the ARF illustrated in Fig. 5.3.
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5.34.1 CAPACITOR EQUATIONS

From Fig. 5.3, by applying Kirchhoff’'s Current Law (KCL) to the capacitor C;, yields

(105) [in the ap reference frame]. In this equation, E:= E,+ jEw (voltage across

—

the capacitor), 1, =1,, + jl, ; (current at the inverter output) and G =1y, + Jly,

(current grid).

9 (105)

Referring (105) to the actual dq reference frame (ARF), and rearranging it, yields

(106). (See Appendix D)

EZ 0 )\ E} 1/c, O 12 -1/C, 0 15
[Equ(—a)n OJ[E;J+( 0 1/CJ(I;J+[ 0 —1/CJ(I;J (106)

Based on (106), the small signal model of the voltage across the capacitor shown in Fig.

5.3 in the ARF is given by:

AEL) (0 w,\(AEL) (1/C, 0 Y(Aly) (-1/c, 0 (Al
(AE;J[—@ OJ[AE;JJr( 0 1/CJ{A|;J+[ 0 —1/C1][A|§J (207)

The output of the inverter model shown in (95) is used in (107) to replace A4I{; and

Alfg, leading to (108).

i%:d :[ 0 a)j AEl} +[1/(:1 0 ] Al{d +[_|§0/01JA€+{—1/01 0 )Alid (108)
ES -w, 0 )| AE:, 0 1/Cc )AL 12,/C, 0 —1/C, )| Al
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5.3.4.2 GRID EQUATIONS
From Fig. 5.3, by applying Kirchhoff's Voltage Law (KVL) to the grid side, yields (109)

[in the aB reference frame]. In this equation E1 = E.+IE;,, [N

g = lgo+ 11,z and

\79 =V,, + ]V, (grid voltage).
— — dly —
ElzRglg +LQT+V9 (109)

Referring (109) to the actual dqg reference frame, and rearranging it, yields (110). (See

Appendix D)

2 —Ry /L, w, 12 1/, 0 E -1/ 1, 0 Vo
(e :[ -, -R,/ Lg] 12, { o 1/ Lg] ER *[ 0 —1/ Lg] Ve (110)
Linearising (110), yields (111). (See Appendix C)

Al :[ng /L, @, J Al +[1/ L, O j(AEf; }{1/ L, 0 ] AV (111)
A|'gaq —, -R, /L, AlZ 0 1/ AE, [0} -1/, AV

5.3.5 Whole System Model

Using (95), (108) and (111), the whole small signal model of the system shown in Fig.
5.3 is obtained. This model is shown in (112) and the required operating points (Ei;,,
Efqo, ITa0: IT40) Were discussed in 4.3.3. The model can be represented as shown in (113)
in the Laplace domain. The stability of the system can be studied by analysing the
eigenvalues of the transition matrix “A”. In this work, the stability analysis will be
performed as a function of the PLL bandwidth and the weakness level of the grid,

quantified by the SCR.
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Alfy
Alf,
A
AT,
Y
Ag
=
AE},
I\
Al

~(kn/ LRI, 0 kL 0 E /L 0 /L 00 0 Jfag) (0 o
0 ~(kn/L+R/L) O k/L  ER/L 0 0 -1UL 0 0 Al 0 0
-1 0 0 0 0 0 0 0 0 0 || A 0 0
-1 0 0 0 0 0 0 0 0 | A% 0 0
0 0 0 _kaLL ! Efdo kiPLL 0 kaLL 0 0 A0 + 0 0
0 0 0 E, 0 0 1 0 0 || A9 0 0
1/c, 0 0 0 -I/c, 0 0 e -lc 0 AR 0 0
1/C, o 0 15/C, 0 -o, 0 0 -1/C, || AEq 0 0
0 0o 0 0 0 UL 0 R/, o [NMe| | 0
0 0 0 0 0 1L -eo, -RI/L J\Alg 0 UL

s-X(s)=A-X(s)+B-U(s)

5.4 Stability Analysis and Simulation Results

Using the small signal model of (112), the proposed PLL design methodology for weak
grids shown in Fig. 5.2 can be implemented. In (112) the parameters associated with the
inverter output filter and the inverter controllers are kept constant. To study the system
stability under different PLL bandwidths, the gains k,p;, and k;p;,, are modified based on
the PLL design requirements w,,; and ¢ (see the method described in subsection 5.2.1).
Also, the weakness of the grid, characterised by the SCR, is modified utilising different
values for the grid impedance (L4, see Fig. 5.3). Results obtained using (112) are first
compared with simulation results to validate the model in an environment where all the
parameters are known. The model is later validated experimentally in a practical
application scenario discussed in section 5.5.

The parameters of the system studied are shown in Table 5.1. First, ten PLLs with
different bandwidths in the range 10.2Hz to 102.648Hz are designed (using the method

described in section 5.2), obtaining the gains listed in Table 5.2. Notice from this table
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that, the phase margin (P.M °) for each design is close to P.M° = 65° to allow a fair
comparison. Finally, using the stability analysis block shown in Fig. 5.2, which is based
on the study of the eigenvalues of the model (112), the stability of these PLL designs is
assessed.

In addition, the small signal model depends on the operating conditions of the inverter,
hence stability will change accordingly. For each of the ten PLL designs, it is possible to
calculate the maximum active power component of the current that the inverter can inject
into the weak grid, before reaching instability, as a function of the PLL bandwidth and the
SCR of the grid. The values of L, used in this work and the SCRs associated with them
are shown in Table 5.3.

Unless otherwise stated, it is assumed in this work that the reactive power component

of the current supplied by the converter is zero, i.e. I7g = 0. (See Fig. 5.3), i.e. the current

supplied by the converter corresponds to the active power component.

Based on this study, it is possible to find the following information about the system
stability: (i) the maximum active power component of the current that the inverter can
supply to the grid as a function of the PLL bandwidth and the SCR of the grid before going
into the unstable zone, (ii) the maximum PLL BW which can be implemented in the
system of Fig. 5.3 as a function of the grid SCR. Finally, using the proposed PLL design
of Fig. 5.2 it is possible to optimise the PLL design to ensure a fast and stable system.

It needs to be pointed out that the current controller of the inverter shown in Fig. 5.3
was designed for SCR=2.5942, and controllers were kept constant for different SCRs. In
this case, the closed-loop bandwidth of the current control loop is 200 Hz. The

proportional and the integral gains are: k,; = 23.5422 and k;; = 10701 (see Fig. 5.3).

These PI controller gains are used to evaluate the model shown in (112). The same

controller is used in the simulation work as well as in the experimental work.
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Table 5.1. System Parameters

L R, C, R Vo (ine to
line)
2.3[mH] | 0.2[Q] | 10 [uF] | 0.8 [Q] 2302 [V]

Table 5.2. PLL Designs

KppLL KipLL P.M.° (Phase PLL Bandwidth
Margin) [Hz]
0.1388025 | 3.0845 65.5 10.277
0.2710840 | 12.322 64.7 20.334
0.4176300 | 27.842 65.6 30.898
0.5432020 | 49.382 64.7 40.723
0.6963750 | 77.375 65.6 51.514
0.8334000 | 111.12 65.5 61.697
0.9735680 | 152.12 65.5 72.136
1.1116560 | 198.51 65.5 82.388
1.24620000 | 249.24 65.5 92.336
1.38564000 | 307.92 65.5 102.648
Table 5.3. SCRs used in this investigation
Ly [mH] SCR

25.2 2.5942

30.4 2.1652

35.4 1.8577

40.4 1.6265

45.6 1.4463

5.4.1 Comparison Between Model and Simulation Results

To validate the proposed dg-PLL design process shown in Fig. 5.2, in this subsection,
a comparison between the results achieved with the proposed model and simulation
results, in terms of stability as a function of the PLL bandwidth and the grid SCR is
provided. The simulation is implemented in Plexim PLECS software, using the non-linear
system of Fig. 5.3 and the parameters listed in Table 5.1. Considering that the proposed

small signal model is based on an average model of the inverter, the simulation model,
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therefore, neglects the PWM effects, using controllable voltage sources to represent the
converter.

The proposed small signal model is verified studying the eigenvalues of the transition
matrix (113). The results are generated as follows: all the PLL designs shown in Table
5.2 are evaluated for each of the SCRs shown in Table 5.3.

In each condition, the maximum active power current that the inverter can inject into
the weak grid before the system becomes unstable is calculated with the proposed
analytical model and with the PLECS simulation. Finally, theoretical and simulation
results are compared. The nominal active current of the inverter shown in Fig. 5.3 is 18A.

Fig. 5.5 shows the maximum active current - as given by simulations and by the
proposed analytical model - that the inverter of Fig. 5.3 can inject into the grid as a
function of the PLL bandwidths described in Table 5.2 and for the SCRs shown in Table
5.3. (In appendix E, the points shown in Fig. 5.5 are provided)

The figure confirms that the proposed small signal model (112) can effectively
represent the effects of the PLL dynamics when the converter operates connected to a
weak grid.

Moreover, it is possible to conclude that with a high PLL bandwidth and a small SCR,
the converter is not able to inject the nominal active current into the grid. In fact, in some
conditions, the inverter can supply less than 50% of the rated active current, leading to
under-utilisation of the installed power capacity. The proposed design process shown in
Fig. 5.2, can effectively prevent incorrect PLL designs. For example, if the renewable
system is connected to a weak grid with a SCR equal to 1.6265, the proposed model
shows that the fastest PLL that can be implemented without affecting the stability and

power transfer capability has a bandwidth of about 30 Hz (see Fig. 5.5).
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To use the proposed dg-PLL design process (see Fig. 5.2), it is necessary to have the
following information: (i) the parameters of the PI current controller, (ii) the parameters of
the converter output filter and (iii) the weakness of the grid (SCR). The first two are known

because they are characteristics of the converter, while the SCR can be estimated as is

discussed in [111] [112].

18
16
18—
=14
16 —
14+ - 12
212\
< 10 - -10
= . a o o
O 8-
8
6
4

o Simulation results
= Model results SCR

Fig. 5.5. Maximum active current that can be injected into the grid as a function of the

PLL bandwidth and the SCR of the grid — Comparison between PLECS simulation and
the proposed small signal model (Nominal active current = 18A).

PLL Bandwidth [Hz]
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5.4.2 Eigenvalue Analysis

In this section, the eigenvalues of the proposed model (112) are shown as a function
of PLL bandwidth and of grid SCR. The analysis is performed at nominal conditions, with
the converter injecting the nominal active power current (18A) into the weak grid. The
results are depicted in Fig. 5.6, where it is shown that the modes 7 and 8 are heavily
affected by the PLL bandwidth and by the SCR of the grid, and are responsible for the
instability. For this reason, the damping ratio of the proposed model modes as a function
of the PLL bandwidth and the SCR of the grid has been calculated. This is performed for
the nominal conditions of the non-linear system in Fig. 5.3. Fig. 5.7 shows the damping
ratio of the proposed model modes. As it is shown, the damping ratio of modes 7 and 8 -
the damping is the same for both modes since they are a complex conjugate pair - with
the ten PLL bandwidths under study and the different grid SCRs. Fig. 5.7 shows that for
all the SCRs, the damping of mode 7 and 8 is an approximately linear function of the PLL
bandwidth, with the damping decreasing as the bandwidth increases. Moreover, the lower
the SCR, the sooner the damping crosses the imaginary axis to the right half-plane,
bringing the system into instability. For the strongest grid, with SCR=2.5942, the damping
crosses the imaginary axis with a PLL bandwidth of 72.136 Hz. For the weakest grid, with

SCR=1.6265, the crossing occurs at 30.898 Hz.
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To explore stability under different operating points other than the nominal active
current, Fig. 5.8 shows the damping ratio of modes 7 and 8 as a function of the PLL
bandwidth and the active current supplied by the converter into the grid®. The figure
confirms that stability is adversely affected also by the amount of injected active current,
with the damping of the modes decreasing as the current increases. Moreover, the
decrease is steeper as the SCR decreases and as the PLL design bandwidth increases.

Finally, the participation factor analysis discussed in [113] is applied to modes 7 and
8 to understand their relationship with the state variables of the proposed model. Based
on this analysis (see Appendix F), omitted here for brevity, it is concluded that in the case
of a high PLL bandwidth and low SCR, the states 46 and 4g which are associated with
the PLL model in (112) dominate modes 7 and 8, further confirming that the PLL dynamic

is the main cause of instability.

9 These points are shown in Appendix G
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5.5 Experimental Results

The control system and converter topology of Fig. 5.3 is embedded in a Triphase unit

PM15F42C (5 kW) [17] [114] (configured as a 3-leg converter) as is shown in Fig. 5.9.

This unit has the same output filter parameters as those shown in Table 5.1. Inductances

are used to modify the grid impedance, emulating the SCRs described in Table 5.3.

The converter is controlled according to the scheme shown in Fig. 5.3. The Pl gains

used in both the simulation and theoretical work described in the previous section are

used to control the experimental system. The overcurrent protection of the system shown

in Fig. 5.9 is set at 20A (instantaneous current).

a) Triphase unit Line Inductances
L LXdc| L R
| A TTT A ~
MM__ .
1 %EB} |y AW '~ Grid
— e "M MWW MM ~
Weak Grid
b) . | Scope
E@EeaE  Ew
F
E ;.4 'i
E : 3-leg Power
Converter
Grid

Fig. 5.9. (a) Schematic of the system studied in this chapter, (b)

experimental system

implemented in the laboratory to validate the proposal discussed in this chapter.
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To validate the proposed small signal model of (112), PLL bandwidths in the range of
approximately [10-50 Hz] (see Table 5.2) are considered. These values are used
because it is the typical bandwidth of PLL implemented in real systems [107] [108] [115].
Moreover, all the SCRs shown in Table 5.3 are emulated in the experimental rig. First,
the maximum active current that the converter can inject into the grid as a function of the
PLL bandwidth and the SCR is experimentally measured and compared with that
predicted by the proposed model. In the experimental tests shown in this section, current
steps of 1A around the quiescent operating points are used.

According to the model results described in section 5.4, the experimental converter
can supply the nominal active current (18A) into the grid without becoming unstable when
SCRs of 2.5942 and 2.1652 are considered. This occurs for the whole range of PLL
bandwidths situation, [+10-50 Hz]. Fig. 5.10(a) shows the nominal active current injected
by the inverter for the worst case, i.e. for a PLL bandwidth of ~51.5 Hz. The same trend
is shown in Fig. 5.10(b) where the SCR of the grid is equal to 2.1652. In this case, the
parameters of the PLL implemented in the converter of Fig. 5.9 are the same parameters

used to generate the experimental results shown in Fig. 5.10(a).
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Fig. 5.10. Experimental results: (a) Maximum active current injected into the grid for
SCR=2.5942 and PLL bandwidth of 51.514 Hz (10A/div), (b) Same as a) but with
SCR=2.1652 (10A/div).
In Table 5.4, the predictions from the proposed model are compared with the

experimental results for a grid with a SCR=1.8577. When a PLL with bandwidth 51.514
Hz is used, the proposed theoretical model predicts a maximum active current at the
converter output of 15.7 A. On the other hand, the maximum active current that the
experimental system can inject to the grid without becoming unstable is 14.5 A. Fig.
5.11(b) shows that the system is stable when injecting 14.5 A. When the reference current
is changed to 15.5 A (current step of 1A), the system becomes unstable, showing a good
match with the theoretical prediction. If the PLL bandwidth is reduced below 40.723 Hz,
the instability issue is avoided, and the converter can fully supply the nominal current to

the grid, as shown in Fig. 5.11(a).
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Table 5.4. Comparison between the proposed model and experimental system results
for a Short Circuit Ratio (SCR) equal to 1.8577

PLL Bandwidth [HZ] Maximum active Maximum active
current - proposed current - experimental
model [A] rig [A]
10.277-20.334-30.898-
40.723 18 18
51.514 15.7 14.5
SCR =1.8577
Tek Prevu . . . . Noisle Filter ElffI

puBw-d0723Mz ]

10,0 & i i i i i i

b 1004 |Enoms | T <10Hi21ams2 |
SCR =1.8577

Tek Prevy . : : . . : Nois!e Filter fo!

R

5 _ B : Converter protéctions

_PLL BW_ 51.514HZ . E L. LT o actlvatlon .....
10,0 & T i 1 i i i i

b 1004 Jpnams I s1rza <10Hon:dEs |

Fig. 5.11. Experimental results: (a) Maximum active current injected into the grid with a

PLL bandwidth of 40.723 Hz (10A/div), (b) Maximum active current injected with a PLL

bandwidth of 51.514 Hz (10A/div). (Converter protections activation means that a
contactor is opened for disconnecting the converter from the grid)

In Table 5.5, the experimental results are compared with those produced by the
theoretical model for the case of SCR=1.6265, confirming the good match between the
model and the experimental evidence. Fig. 5.12 shows the experimental current
waveforms corresponding to the three limit conditions shown in Table 5.5. For the rest of

the cases, the converter can inject its nominal active current.
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Table 5.5. Comparison between the proposed model and experimental system results
for a Short Circuit Ratio (SCR) equal to 1.6265

PLL Bandwidth [HZz] Maximum active Maximum active
current - proposed current - experimental
model [A] rig [A]
10.277-20.334-

30.898 18 18

40.723 17.5 16.5

51.514 11.8 10

SCR =1.6265
Tek Pretu : . NoisleFiIterUffI
Iig = ' : - a)l
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00 4
100 A
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i i
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Fig. 5.12. Experimental results: (a) Maximum active current injected into the grid with
PLL bandwidth of 30.898 Hz (10A/div), (b) Maximum active current with PLL bandwidth
of 40.723 Hz (10A/div), (c) Maximum active current with PLL bandwidth of 51.514 Hz

(10A/div).
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The last case studied is with a SCR equal to 1.4463, representing a very weak grid.
Both model results and experimental results are shown in Table 5.6, again confirming
that experimental results agree with the theoretical expectations. For instance, if a PLL
with a bandwidth of 51.514 Hz is used in the experimental system, the current that the
inverter can inject into the weak grid before becoming unstable is less than the 50% of
its nominal current. This case is depicted in Fig. 5.13(d) where the currents of the
experimental rig are shown. To ensure the system stability in nominal conditions, a PLL
with a maximum bandwidth of 20.334 Hz must be used as shown in Fig. 5.13(a). Finally,
the current waveforms supplied by the converter when the PLL has a bandwidth of 30.898
Hz and 40.723 Hz are shown in Fig. 5.13(b) and Fig. 5.13(c) respectively.

It is, therefore, possible to conclude that the proposed model [see (112)] can
effectively predict the system stability when the PLL bandwidth and the SCR of the weak
grid are taken into account.

Table 5.6. Comparison between the proposed model and experimental system results
for a Short Circuit Ratio (SCR) equal to 1.4463

PLL Bandwidth [Hz]

Maximum active
current - proposed

Maximum active
current - experimental

model [A] rig [A]
10.277-20.334 18 18
30.898 18 16.5
40.723 13.2 13.5
51.514 8.7 8.5
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Fig. 5.13. Experimental results: (a) Maximum active current injected into the grid with
PLL bandwidth of 20.334 Hz (10A/div), (b) Maximum active current with PLL bandwidth
of 30.898 Hz (10A/div), (c) Maximum active current with PLL bandwidth of 40.723 Hz
(10A/div), (d) Maximum active current with PLL bandwidth of 51.514 Hz (10A/div).

5.6 Chapter Conclusions

In this chapter, a low-complexity small signal model of the system which enables the

inclusion of the PLL bandwidth and the weakness of the grid [characterised using the

SCR defined in (74)] is proposed. The proposed model has been exhaustively validated

with simulations implemented in PLECS and experimentally for a wide range of PLL

bandwidths and different S

CRs.

Moreover, based on the proposed model a dg-PLL design procedure is proposed to

ensure the stability of converters connected to weak grids. The improvement of the

proposed design scheme over the schemes reported in previous studies is the fact that

this is the first work where a systematic procedure to design a PLL to be used in weak

grids is proposed.
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Experimental results obtained from a 5 kW laboratory scale system confirm that the
proposed model and design process can be effective tools to optimise the system
operation in terms of finding the fastest PLL that can be used in a weak grid with known
SCR without affecting the system stability.

The fact that the proposed model is simple enables it to be used for online stability
monitoring. Indeed, it was demonstrated that only modes 7 and 8 of the model are
affected by the PLL bandwidth and the SCR of the grid. Then, if an algorithm for
monitoring the grid impedance is added, the stability of the system can be monitored
online through the calculation of modes 7 and 8.

It is worth remembering that the proposed PLL design process is suitable for three-
phase three-wire balanced weak grids. Its extension for considering unbalanced and/or
harmonic weak grids is proposed as future work. In unbalanced weak grids, it is
necessary to consider both positive and negative sequence components of currents and
voltages of the system in the modelling process. While in harmonic weak grids, it is
necessary to consider the voltages and currents of the main harmonics present in the
system in the modelling process. In references [116] [117] [118] the output impedance of
a converter connected to an unbalanced grid is developed (taking into account the PLL
dynamics). Based on that, both positive and negative sequence impedances are derived,
suggesting that there is a cross-coupling of them, which depends on the PLL bandwidth,
and ultimately will affect the stability of the system. To the best of the author’s knowledge,
these type of studies, considering weak grids have not been performed so far.

Finally, it should highlight that the proposed methodology in this chapter to study the
stability of the system taking into account the PLL bandwidth and the short circuit ratio of
the weak grid is based in a simple model. In the modelling process, a balanced three-

phase three-wire weak grid was considered, and also it was assumed that the power
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converter is controlled using PI controllers. The proposed methodology, as future work
can be modified to study at specific resonant structure presented for the control schemes
discusses in chapter 3 and 4, and linked to maximum harmonic compensation capability

as a function of the short circuit ratio.
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Chapter 6. Conclusions and Future
work

6.1 Conclusions

In recent years, a significant increase in electrical systems based on non-conventional
renewable energy has occurred. To help facilitate the integration of NCRE-based
technologies in power systems, the concept of the microgrid has appeared. Microgrids
are considered efficient solutions when there are distributed resources. For instance, let
us consider the Chilean case, where the Atacama Desert, the Andes Mountains, and the
long coastline provide to the country abundant distributed renewable energy resources,
which are spread along the Chile geographic; in this situation, microgrids offer a solution
for gathering these distributed energy resources either feeding small towns far from the
main power grid or feeding the main power grid.

MGs could be implemented as a low-voltage power distribution system operating in
grid-connected or islanded mode. In these electrical systems, renewable energy
resources are connected to loads and/or the distribution network using power electronic
interfaces. Therefore, the widespread use of power electronic converters, the unbalanced
and/or nonlinear nature of loads and the fact that MGs are weak systems, will produce
power quality issues on MGs, which must be properly addressed. Power quality issues
that require careful consideration are imbalances and harmonics. Indeed, typical loads
connected to MGs are computers, lighting ballasts, appliances, battery chargers, and so
on. Most of these loads have a nonlinear behaviour. On the other hand, MGs will likely

operate under highly unbalanced conditions due to single-phase loads in each phase are
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not balanced. Moreover, both imbalances and harmonics issues should be studied,
considering the fact that MGs are weak electrical systems.

Therefore, the aim of this thesis was to investigate control algorithms and topologies
to address the power quality issues related to imbalances and harmonics in MGs and
investigate the effects of weak nature of MG on the control of the power converters. The

main research objectives set forth are:

v' Demonstrate the effectiveness of a 4-leg active power filter, controlled using the
CPT, in mitigating the negative effects of imbalances and harmonics in three-
phase four-wire microgrids.

v Demonstrate that the CPT can be used in the design of cooperative
imbalance/harmonic sharing controllers, giving some advantages in comparison
with the previous ones reported in the literature.

v' Derivate a methodology to study the effects of the weak nature of MGs in the

performance of the control of a power converter.

To meet the first objective, an active power filter (APF) composed of a three-phase
four-leg connected in shunt at the PCC, and controlled using the conservative power
theory (CPT) has been proposed. The performance of the APF, and in particular, the use
of the CPT to generate the unwanted current components to achieve an effective
compensation of imbalances and harmonics in a MG have been validated experimentally.
Special focus was centred on the study of the control system during transient operation
and under grid frequency variations. Experimental results showed that the performance
of the proposed 4-leg active power filter has been excellent, concluding that the CPT as

a new power theory is suitable for applications such as microgrids where strong distortion,
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imbalances, and frequency variations. The control system was based on self-tuning
proportional-resonant (PR) controllers based. Simulation work shows that the quality of
currents, in term of their THD, injected by the power supply to the unbalanced/non-linear,
when the APF is working, is improved with the use of self-tuning PR controllers. (In
comparison with the use of non-tuning PR controllers)

To validate the proposed compensator, extensive experimental work was performed
using the experimental system depicted in Fig. 3.9. The characteristics of the unbalanced
and non-linear load were based in real data from an isolated MG located in Canada.
Moreover, the performance of the proposed controller to compensate harmonics
produced by a diode rectifier was evaluated. The latter scenario was used to evaluate
the proposed controller in the worst case situation. All the experimental tests showed the
excellent performance of the proposed active power filter in compensating current

imbalance and neutral current.

To meet the second objective, a new control algorithm to achieve a cooperative
imbalance sharing among the converters present in a three-phase four-wire microgrid
has been proposed. This novel control scheme is based on the CPT, and therefore it is
implemented in the abc reference frame. In the development of the proposed sharing
algorithm, it was demonstrated that the orthogonal current components defined by the
CPT [see (8)-(11)] are related with positive, negative and zero current sequence
components through equations (35) and (38). This result constitutes a novel tool for
decoupling the positive sequence component from both negative and zero current
components in the abc reference frame and without the use of sequence separation
algorithms. Based on that, the main characteristic of the proposed control scheme is the

fact that it does not require the use of any sequence separation algorithm to achieve a

161



current separation. Moreover, the control scheme is implemented locally in each 4-leg
converter based on local measurements of currents and voltage, and thus a
communication network is not required. Finally, the extension of the proposed imbalance
sharing controller for considering harmonics sharing was discussed and experimentally
validated.

To validate the proposed controller to achieve the sharing of imbalances and harmonics
among the converters present in an isolated MG, extensive experimental work was
performed using the experimental system depicted in Fig. 4.15. The characteristics of the
unbalanced and non-linear load were based in real data from an isolated MG located in
Canada. All the experimental test showed the excellent performance of the proposed
controller for achieving imbalances and harmonics sharing among the 4-leg converters.
Based on these experimental tests, the validation of the controller was performed for the
following conditions: (i) sharing of negative and zero sequence components (at the
fundamental frequency), (ii) sharing of third harmonic components, and (ii) the evaluation
of the controller when load impacts occur (those which increased the level of imbalanced

in the MG).

Finally, to meet the last objective, a methodology to consider the effects of the weak
nature of MG, and the influence of the PLL bandwidth for a simple controller has been
derived. This thesis proposed a low-complexity small signal model for a 3-leg converter
connected to a balanced three-phase, three-wire weak grid and synchronised to this grid
using a PLL implemented in a synchronous rotating d-g axis. A thorough analysis of the
system stability as a function of the PLL bandwidth and the short circuit ratio (SCR) of
the grid was performed based on a linearised model. The proposed model has been

extensively validated with simulations implemented in PLECS and experimentally, using
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the experimental system depicted in Fig. 5.9, for a wide range of PLL bandwidths and
different SCRs. Particularly, it was validated that the proposed model and the design
process can be effective tools to optimise the system operation in terms of finding the
fastest PLL that can be used in a weak grid with known SCR without affecting the system

stability

In summary, the main conclusions drawn from this research are as follows:

v' The use of the CPT as a power theory for controlling a 4-leg active power filter to
compensate imbalances and harmonics in a 4-wire microgrid has been
experimentally validated.

v A novel imbalance and harmonic sharing controller to achieve that both
imbalances and harmonics produced at the load, are shared by the 4-leg
converters present in an MG according to their remaining VA power capacity have
been proposed and experimentally validated. The main differences of the
proposed imbalance sharing algorithm with those previously reported in the
literature can be summarized as: (i) the proposed scheme does not require
sequence separation algorithms, (ii) a new method to define the preliminary
unbalanced voltage set points is proposed, and (iii) contrary to the only paper
where a control scheme for cooperative imbalance sharing in 4-wire MGs [44],
the proposed control scheme can be easily extended to harmonics as it does not
require sequence separation algorithms.

v" A novel methodology based on a simple small signal model has been proposed
to analyse the effects of the weak nature of MGs and the PLL bandwidth on the

stability of the controller of a converter connected to a weak grid.
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6.2 Future Work

In this thesis, the mitigation of technical issues associated with both unbalanced and
harmonic operation of a three-phase four-wire isolated microgrid has been successfully
achieved through: (i) the development of an advanced control system for a shunt
connected three-phase four-leg VSC-based compensator, and (i) an novel control
algorithm for sharing both imbalances and harmonics among the 4-leg converters which
are placed in an 4-wire microgrid. Moreover, a methodology to evaluate the effects of the
weak nature of MGs have been derived for a simple controller; as future work, this
methodology could be extended to evaluate these effects on the controllers proposed in
this thesis. The experimental results show the validity of the proposed control schemes.
Several areas for further research on improving the performance of them have been

identified and are listed below:

Active power filter

v' Study if the CPT can be used to control an APF with a series connection to the
grid. In this case, the references to the APF must be voltage references instead

of current references as was the case study in this thesis.

v' Extend the APF control scheme to mitigate the double system frequency (100Hz)

oscillation of the DC-link voltage.

v/ Study the integration of the APF control scheme to a community battery storage
system in order to improve the functionality of a conventional three-phase battery

charge/discharge power converter controller.
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v' Study the effects of the weak nature of microgrid in the performance of the APF.
Especially, in terms of the maximum harmonic compensation capability for low

short circuit ratios.

v In microgrids with many voltage bars, the use of AFP is a suitable solution for
mitigating imbalances and harmonics. Based on that, as future work, it is
proposed to study an optimal location where APFs for optimising the power quality

in whole MG.

Cooperative imbalance sharing

v" To develop a methodology to choose the THD set points for each inverter when
the proposed control scheme is used for sharing harmonics among the inverters
presentin a MG. In fact, in section 4.3.3 a methodology is proposed for calculating
the PVUR reference points for each 4-leg converter to achieve imbalance sharing.

However, a methodology for calculating the THD reference points is missing.

v' Extend the proposed controller for improving the power quality at the PCC. As
was discussed through the thesis, imbalances/harmonics sharing can only be
achieved at the expense of increasing voltage imbalance/distortion at the
converters outputs and the PCC. Based on that, it is proposed as future work, to
extend the proposed controller to introduce some compensation capabilities in
order to improve the power quality at the PCC. (In terms of imbalances and

harmonic distortion in the voltage at that point)
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v

In this thesis, both primary and secondary control schemes proposed in chapter
4 are validated considering a centralised MG. As future work is proposed the
extension of the proposed control schemes to be used in a distributed MG.
Indeed, distributed schemes permit high flexibility to add new distributed

generation units, and it can provide a plug-and-play operation of the units.

In this thesis, AC microgrids have been studied. However, recently the study of
DC microgrids and hybrid microgrids have increased considerably. The latter
because power losses in these type of MGs are significantly reduced as the
number of DC-AC conversions is reduced. In this context, it is proposed as future
work, the study of cooperative controllers to achieve proper load current sharing

among the distributed generations units in DC and hybrid MGs.

Study the effects of the weak nature of MGs in the performance of the proposed
controller for imbalances and harmonic sharing. Especially, analysing the effects

on the proportional resonant controllers.

Effects of the PLL bandwidth in the system stability

v

In this thesis, a methodology for a simple controller has been derived to analyse
the effects of the level of weakness of the grid (measured using the SCR) on the
stability of the system. This methodology, as future work, can be modified to look
at specific resonant control schemes based on the CPT proposed in this thesis to

ensure a stable operation of the proposals for low short circuit ratios.
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v

In this thesis, the system stability was study considering the weakness of the grid
(SCR), PLL bandwidth and the maximum active power component of the current
injected by the converter to the weak grid. Future work is proposed to study the
stability of the system taking into account the maximum reactive current injected

by the converter to the grid.

Extend the small signal model to consider additional outer control loops as, active

power loop, reactive power loop, and voltage loop.

Study the generalisation of the proposed small signal model for considering the

case where multiple parallel power converters are connected to a weak grid.

Extend the small signal model to consider the case when the converter is

connected to an unbalanced three-phase four-wire weak grid.
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Appendix A: Effects of discretisation methods on

the performance of resonant controllers

In [119], a comprehensive study of the effects of discretisation methods on the
performance of proportional resonant controllers is performed. As discussed in [119], the
bilinear transform with frequency prewarping has important advantages over other
discretisation methods, in terms of preserving the resonant frequency accuracy,
particularly when high-order harmonics have to be compensated for. The following table
shows a comparison between several discretisation methods [119]. From this table, it can
be concluded that a proportional-resonant (PR) controller implemented using the Tustin
transform has a large resonance deviation. In contrary, if the PR controller is implemented
using the Tustin with pre-warping transform, there is not resonance deviation.

Table A.1. Performance of the discrete-time implementations

Discrete Transform Infinite | Resonance Effect on zeros Delay
gain deviation compensation
Forward Euler, No --- --- ---
Backward Euler
First-order hold, Yes Very Large
Tustin
Zero-order hold, Yes No Phase lag at w, Not effective
zero-pole matching
Impulse invariant Yes No Accurate at w, and Accurate
phase lead at T w
Tustin with pre- Yes No Accurate Accurate
warping
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Appendix B: Code used to solve the optimisation

problem introduced in section 4.3.3

Using the toolbox called genetic algorithm contained in Matlab, the optimisation problem
given by (69) is solved using the objective function and the restrictions shown below.

Objective Function

function = fun_optimizar_3(x)
f=50;

Z1_eq=x(1);

Z2_eq=x(2);

Z3_eq=x(3);

Ztotl=(Z2_eq*z3_eq)/(Z2_eqg+Z3_eq);
auxl=(1*ztotl)/(zl_eq+Ztotl);

N1=3*norm(auxl) *10;

Ztot2=(z1l_eq*z3_eq)/(z1l_eqg+Z3_eq);
aux2=(1*ztot2)/(ztot2+z2_eq);

N2=3*norm(aux2)*10;

Ztot3=(z1l_eq*z2_eq)/(Z1l_eqg+Z2_eq);
aux3=(1*ztot3)/(z3_eq+ztot3);

N3=3*norm(aux3)*10;

f=abs(N1-N2)+abs(N1-N3)+abs(N2-N3);

end

Restrictions of the optimization problem

function [c,ceq] = rectriciones_3(x)

%By using the Conservative power theory (CPT), the current measured
at the PCC is decomposed in the unbalanced components, giving:

Iunb_a=4.68;

% Iunb_b=3.936;
% Iunb_c=1.26;
% In=6;

%% Line impedance parameters
=50;

we=2*pi*f;

R=1;

170



L=4e-3;

E1=180;

E2=180;

E3=180;

%%Unbalanced currents (calculated using the CPT)
Ia_u=0.9777;

Ib_u=8.7710;

Ic_u=7.7143;

Ib=16.3;

Z1_eq=x(1);
z2_eq=x(2);
Z3_eq=x(3);
%voltage at the output of converter 1

Ztotl=(z2_eq*z3_eq)/(zZ2_eq+Z3_eq);
auxl=ztotl/(z1l_eq+ztotl);

PVUR1=100*x (1) *abs (aux1l)/(abs(E1l-
abs(aux1)*Ib*sqrt (RA2+LA2*weA2))) *max([Ia_u Ib_u Ic_ul);

% Voltage at the output of converter 2

Ztot2=(zZ1_eq*z3_eq)/(zZ1_eqg+Z3_eq);
aux2=ztot2/(ztot2+z2_eq);

PVUR2=100*x(2) *abs (aux2)/(abs(E2-
abs (aux2)*Ib*sqrt (RA2+LA2*weA2))) *max([Ia_u Ib_u Ic_ul);
% Voltage at the output of converter 3

Ztot3=(zl1l_eq*z2_eq)/(zZ1l_eq+Z2_eq);
aux3=ztot3/(z3_eq+ztot3);

PVUR3=100%x(3) *abs (aux3)/(abs(E3-
abs(aux3)*Ib*sqrt (RA2+LA2*weA2))) *max([Ia_u Ib_u Ic_ul);

c(1)=PVUR1-3/1;
c(2)=PVUR2-3/1;
c(3)=PVUR3-3/1;
ceq=0;

end

Appendix C: Linearisation of a

represented in state space form
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Let us consider that a time-invariant system is modelled in the state space representation

shown in C.1

x= f(x,u)

Cc.1
y=g(x,u)

To linearise C.1, it is necessary to linearise both f and g around an equilibrium point.
An equilibrium point (XO,UO) is that where all the derivatives of C.1 are simultaneously
zero. It means that f (XO,UO) =0. Due to C.1 is a nonlinear system, there may be more

than one equilibrium point [113]. Function f linearised around (XO,UO), yields:

f(x,u)= f(Xo’uo)"'Jf,X X=

% (X_X0)+‘Jf,u

5, (U—Uo) + T (x.u) C.2

u=l

Where Jf'X and nyu are the Jacobians of f with respect to the state and input variables

respectively, and fl is a remainder that absorbs all the differences that the first order
approximation cannot represent [120]. A similar process can be applied to J , obtaining

a linear approximation of it.

Let us define AX=X—X,and AU=U-U, , and let us consider that the remainder

functions fl and §;are neglected. Based on that, C.1 can be rewritten in terms of AX
and Au as shown C.3.

AX =~ AAX + BAU

Ay ~ CAx+ DAu C3
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Where Jr, 2 A, Jfy 2B, Jgx 2 C and J4,, £ D. All of them are constant matrices since

the system in time-invariant. Finally, it can be concluded that the linearised form of C.1

corresponds to the system depicted in C.3.

Appendix D: Transformation from af reference
frame to dq reference frame

Let us consider the following system in the aff reference frame:

dTaﬂ

E. D.1
at o

\7a,3 = RlTaﬂ -+ L1

Where V oz =V, + jV,, Top = I, + jl and Eop = E, + JE, . Transforming D.1

to a dg synchronous reference frame, rotating at g_ (with 6, = Ia)edt ), yields D.2

[Vaﬂ]e*jg =[Rjaﬁ+L1d'“ﬁ +Eaﬂ}ej‘9e D.2
dt
Equation D.2, can be rewritten as:
w3 _ 5 dTaﬂ —jo, —
Vag =R lag + L, at -e + Edq D.3

Due to g, is time-dependent, the term e % cannot be included in the derivate. Using the

rule for the derivative of a product, D.4 is obtained.

T 1op - 1% - Top —i% - 1.
d dq:d( 2] ):e—med ﬁ"—laﬁd(e ):e—med 7]

dt dt dt dt dt

— joo,Tag D.4
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Finally, using D.4, the system D.3 can be written fully in the dqg reference frame as shown
D.5.

deq

at -+ j(()eLleq +Edq D.5

\7dq = R1qu -+ Ll

Where V gq =V, + jV,, Tag = I, + jl,and Eu = Ey + JE, . Finally, it can be

concluded that the system shown in D.1, in the synchronous dq reference frame (rotating

atg, ), corresponds to that shown in D.5

Appendix E: Comparison Between Proposed

Model and Simulation Results

In this appendix, the points used for creating figure Fig. 5.5 are shown. These points were
obtained from the proposed model (112) for short circuit ratios shown in Table 5.3 and
the PLL designs depicted in Table 5.2.

Short Circuit Ratio: 2.5942

Maximum active current Maximum active current
PLL Bandwidth [Hz] that the inverter can inject | that the inverter can inject
to the grid before become | to the grid before become
unstable (Simulation unstable (Proposed Model
Results) [A] Results) [A]
10.277 18 18
20.334 18 18
30.898 18 18
40.723 18 18
51.514 18 18
61.697 18 18
72.136 18 18
82.388 15.7 15.7
92.336 13.4 13.4
102.648 11.6 11.6
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Short Circuit Ratio: 2.1652

PLL Bandwidth [Hz]

Maximum active current
that the inverter can inject
to the grid before become

unstable (Simulation
Results) [A]

Maximum active current
that the inverter can inject
to the grid before become
unstable (Proposed Model

Results) [A]

10.277 18 18
20.334 18 18
30.898 18 18
40.723 18 18
51.514 18 18
61.697 16.4 16.4
72.136 13.2 13.2
82.388 11 11
92.336 9.4 9.4
102.648 8.2 8.2

Short Circuit Ratio: 1.8577

Maximum active current Maximum active current
PLL Bandwidth [Hz] that the inverter can inject | that the inverter can inject
to the grid before become | to the grid before become
unstable (Simulation unstable (Proposed Model
Results) [A] Results) [A]
10.277 18 18
20.334 18 18
30.898 18 18
40.723 18 18
51.514 15.7 15.7
61.697 12 12
72.136 9.6 9.6
82.388 8 8
92.336 6.8 6.8
102.648 6 6
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Short Circuit Ratio: 1.6265

PLL Bandwidth [Hz]

Maximum active current
that the inverter can inject
to the grid before become

unstable (Simulation
Results) [A]

Maximum active current
that the inverter can inject
to the grid before become
unstable (Proposed Model

Results) [A]

10.277 18 18
20.334 18 18
30.898 18 18
40.723 17.5 17.5
51.514 11.8 11.8
61.697 8.9 8.9
72.136 7 7
82.388 5.8 5.8
92.336 5 5
102.648 4.5 4.5

Short Circuit Ratio: 1.4463

PLL Bandwidth [Hz]

Maximum active current
that the inverter can inject
to the grid before become

unstable (Simulation
Results) [A]

Maximum active current
that the inverter can inject
to the grid before become
unstable (Proposed Model

Results) [A]

10.277 18 18
20.334 18 18
30.898 18 18
40.723 13.2 13.2
51.514 8.7 8.7
61.697 6.4 6.4
72.136 5 5

82.388 4.2 4.2
92.336 3.6 3.6
102.648 3.3 3.3
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Appendix F: Participation Factor Analysis

In this appendix, the information obtained from the participation factor analysis discussed

in the thesis is shown. This analysis is performed for the PLLs designs shown Table 5.2

in and for the short circuit ratios depicted in Table 5.3. In particular, the effects of modes

7 and 8 on the states AB and Ag (those related to the PLL modelling) are highlighted.

6.3.1 Analysis for a SCR of 2.5942
PLL Bandwidth: 10.277Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

AL, 0.384729 | 0.384729 | 0.406235 | 0.406235 | 0.047546 | 0.047546 | 0.015909 | 0.015909 1.95E-06 1.95E-06
Al 1Cq 0.430992 | 0.430992 | 0.360748 | 0.360748 | 0.039364 | 0.039364 | 0.016821 | 0.016821 4.23E-07 4.23E-07
Ayig 0.040194 | 0.040194 | 0.043245 | 0.043245 | 0.272974 | 0.272974 | 0.393638 | 0.393638 0.009006 |  0.009006
Aqu 0.045027 | 0.045027 | 0.038403 | 0.038403 | 0.226001 | 0.226001 | 0.416202 | 0.416202 0.001949 |  0.001949
A6 0.00459 0.00459 | 0.004364 | 0.004364 | 0.029269 | 0.029269 | 0.070245 | 0.070245 0.746894 |  0.746894
Ag 1.53E-05 | 1.53E-05 | 1.47E-05 | 1.47E-05 | 0.000734 | 0.000734 | 0.003705 | 0.003705 0.715381 | 0.715381
AET, 0.35057 0.35057 | 0.428863 | 0.428863 | 0.056413 | 0.056413 | 0.031638 | 0.031638 0.000876 | 0.000876
AEfq 0.390823 | 0.390823 | 0.379107 | 0.379107 | 0.045263 | 0.045263 | 0.031567 | 0.031567 8.39E-06 8.39E-06
N;d 0.029687 | 0.029687 | 0.042067 | 0.042067 0.46596 0.46596 | 0.215262 | 0.215262 2.93E-05 2.93E-05
Al ;q 0.032769 | 0.032769 | 0.037033 | 0.037033 | 0.443841 | 0.443841 | 0.295086 | 0.295086 0.035048 |  0.035048

PLL Bandwidth: 20.334Hz

Mode 1 | Mode2 | Mode 3 | Mode4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.366014 | 0.366014 | 0.434231 | 0.434231 | 0.049037 | 0.049037 | 0.014114 | 0.014114 1.98E-05 1.98E-05
Allcq 0.457773 | 0.457773 | 0.343693 | 0.343693 | 0.034032 | 0.034032 | 0.015664 | 0.015664 1.05E-05 | 1.05E-05
A)/lcd 0.0379 0.0379 | 0.045931 | 0.045931 | 0.288422 | 0.288422 | 0.378655 | 0.378655 0.02083 0.02083
A)’1Cq 0.047402 | 0.047402 | 0.036354 | 0.036354 0.20017 0.20017 | 0.420259 | 0.420259 0.011026 | 0.011026
AO 0.00944 | 0.00944 | 0.008052 | 0.008052 0.05254 | 0.05254 | 0.161386 | 0.161386 0.797241 | 0.797241
Ag 6.43E-05 | 6.43E-05 | 5.55E-05 | 5.55E-05 | 0.002772 | 0.002772 0.0186 0.0186 0.734337 | 0.734337
A fd 0.333074 | 0.333074 0.45627 0.45627 | 0.060175 | 0.060175 | 0.032934 | 0.032934 0.001837 | 0.001837
AEfq 0.41266 0.41266 | 0.357931 | 0.357931 | 0.039311 | 0.039311 | 0.032735 | 0.032735 9.12E-05 9.12E-05
A ;d 0.028157 | 0.028157 | 0.044471 | 0.044471 0.48426 0.48426 | 0.194635 | 0.194635 3.09E-04 3.09E-04
Algq 0.034217 | 0.034217 | 0.034598 | 0.034598 | 0.438926 | 0.438926 | 0.362239 | 0.362239 0.072839 | 0.072839
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PLL Bandwidth: 30.898Hz

Mode 1 | Mode2 | Mode 3 | Mode4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.47308 0.47308 | 0.347522 | 0.347522 | 0.050966 | 0.050966 | 0.012373 | 0.012373 9.25E-05 9.25E-05
qu 0.327361 | 0.327361 | 0.494471 | 0.494471 | 0.029138 | 0.029138 | 0.014356 | 0.014356 9.05E-05 9.05E-05
Ay, 0.049741 | 0.049741 0.03561 0.03561 | 0.308707 | 0.308707 | 0.361857 | 0.361857 0.039118 | 0.039118
A)’fq 0.03442 0.03442 | 0.050667 | 0.050667 | 0.176489 | 0.176489 | 0.419869 | 0.419869 0.038232 | 0.038232
AG 0.01172 0.01172 | 0.015565 | 0.015565 | 0.074324 | 0.074324 | 0.303839 | 0.303839 0.898107 | 0.898107
Ag 1.18E-04 | 1.18E-04 | 1.55E-04 | 1.55E-04 | 0.005917 | 0.005917 | 0.054267 | 0.054267 0.800059 | 0.800059
AEY, 0.494254 | 0.494254 | 0.316059 | 0.316059 | 0.064594 | 0.064594 | 0.035282 | 0.035282 0.003037 | 0.003037
AE{lq 0.337346 | 0.337346 | 0.443241 | 0.443241 | 0.033674 | 0.033674 | 0.034993 | 0.034993 4.32E-04 4.32E-04
A ;d 0.047831 | 0.047831 | 0.026693 | 0.026693 | 0.508393 | 0.508393 | 0.174907 | 0.174907 1.44E-03 1.44E-03
Ngq 0.03222 0.03222 | 0.036342 | 0.036342 | 0.434436 | 0.434436 | 0.461812 | 0.461812 0.119016 | 0.119016

PLL Bandwidth: 40.723Hz

Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.513946 | 0.513946 | 0.332302 | 0.332302 | 0.052853 | 0.052853 | 0.010865 | 0.010865 2.85E-04 2.85E-04
qu 0.314274 | 0.314274 | 0.532601 | 0.532601 | 0.025521 | 0.025521 | 0.013122 | 0.013122 4.31E-04 4.31E-04
Ayfd 0.053812 | 0.053812 | 0.033726 | 0.033726 0.32902 0.32902 | 0.341721 | 0.341721 0.062355 | 0.062355
A)/fq 0.032906 | 0.032906 | 0.054055 | 0.054055 | 0.158875 | 0.158875 | 0.412701 | 0.412701 0.094142 | 0.094142
AB 0.014535 | 0.014535 | 0.021617 | 0.021617 | 0.089518 | 0.089518 | 0.473417 | 0.473417 0.938754 | 0.938754
Ag 2.00E-04 | 2.00E-04 | 2.93E-04 | 2.93E-04 | 0.010006 | 0.010006 0.1193 0.1193 0.82784 0.82784
AEf‘d 0.534129 | 0.534129 | 0.302278 | 0.302278 | 0.068513 | 0.068513 | 0.037562 | 0.037562 0.004278 | 0.004278
AEfq 0.320827 | 0.320827 | 0.475489 | 0.475489 | 0.029329 | 0.029329 | 0.037705 | 0.037705 1.29E-03 1.29E-03
A ;d 0.051375 | 0.051375 | 0.025525 | 0.025525 | 0.532299 | 0.532299 | 0.157697 | 0.157697 4.38E-03 4.38E-03
AI;q 0.030323 | 0.030323 | 0.038647 | 0.038647 | 0.429186 | 0.429186 | 0.574095 | 0.574095 0.163784 | 0.163784

PLL Bandwidth: 51.514Hz

Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Al7, 0.574339 | 0.574339 | 0.311533 | 0.311533 | 0.055267 | 0.055267 | 0.008866 | 0.008866 5.76E-04 5.76E-04
qu 0.296551 | 0.296551 | 0.588066 | 0.588066 | 0.021711 | 0.021711 | 0.011039 | 0.011039 1.28E-03 1.28E-03
Ays, 0.059907 | 0.059907 | 0.031223 | 0.031223 | 0.355989 | 0.355989 | 0.279129 | 0.279129 0.078801 | 0.078801
Aqu 0.030932 | 0.030932 | 0.058939 | 0.058939 | 0.139847 | 0.139847 | 0.347553 | 0.347553 0.175821 | 0.175821
AO 0.017474 | 0.017474 | 0.030289 | 0.030289 | 0.104958 | 0.104958 | 0.616734 | 0.616734 0.877894 | 0.877894
Ag 2.94E-04 | 2.94E-04 | 5.00E-04 | 5.00E-04 | 0.014766 | 0.014766 | 0.183431 | 0.183431 0.814401 | 0.814401
AEY, 0.592835 | 0.592835 | 0.283644 | 0.283644 | 0.073372 | 0.073372 | 0.037296 | 0.037296 0.004446 | 0.004446
AE{lq 0.299151 | 0.299151 | 0.522799 | 0.522799 | 0.024691 | 0.024691 | 0.039978 | 0.039978 2.31E-03 2.31E-03
A ;d 0.056602 | 0.056602 | 0.023962 | 0.023962 | 0.563336 | 0.563336 0.13301 0.13301 8.61E-03 8.61E-03
N;;q 0.027912 | 0.027912 0.04208 0.04208 0.42198 0.42198 | 0.659405 | 0.659405 0.172172 | 0.172172
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PLL Bandwidth: 61.697Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.635369 | 0.635369 | 0.288522 | 0.288522 0.05746 0.05746 | 0.007348 | 0.007348 7.98E-04 7.98E-04
qu 0.276618 | 0.276618 | 0.642769 | 0.642769 | 0.018672 | 0.018672 | 0.009586 | 0.009586 2.35E-03 2.35E-03
Ay, 0.066134 | 0.066134 | 0.028568 | 0.028568 | 0.381841 | 0.381841 | 0.216328 | 0.216328 0.079993 | 0.079993
A)’fq 0.028793 | 0.028793 | 0.063643 | 0.063643 | 0.124083 | 0.124083 | 0.282186 | 0.282186 0.236009 | 0.236009
AG 0.019417 | 0.019417 | 0.039215 | 0.039215 | 0.114871 | 0.114871 | 0.652195 | 0.652195 0.719861 | 0.719861
Ag 3.93E-04 | 3.93E-04 | 7.74E-04 | 7.74E-04 | 0.019961 | 0.019961 | 0.215497 | 0.215497 0.733377 | 0.733377
AEY, 0.651778 | 0.651778 0.26302 0.26302 | 0.077518 | 0.077518 | 0.034488 | 0.034488 0.003805 | 0.003805
AE{lq 0.276053 | 0.276053 | 0.569573 | 0.569573 | 0.020877 | 0.020877 | 0.041658 | 0.041658 2.93E-03 2.93E-03
A ;d 0.061836 | 0.061836 | 0.022236 | 0.022236 | 0.592028 | 0.592028 | 0.113344 | 0.113344 1.17E-02 1.17E-02
Ngq 0.025463 | 0.025463 | 0.045476 | 0.045476 | 0.411689 | 0.411689 | 0.681556 | 0.681556 0.151039 | 0.151039

PLL Bandwidth: 72.136Hz

Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.697389 | 0.697389 | 0.258465 | 0.258465 | 0.059564 | 0.059564 | 0.006381 | 0.006381 9.44E-04 9.44E-04
qu 0.249871 | 0.249871 | 0.696229 | 0.696229 | 0.015885 | 0.015885 | 0.008905 | 0.008905 3.43E-03 3.43E-03
Ayfd 0.072528 | 0.072528 | 0.025251 | 0.025251 | 0.408379 | 0.408379 | 0.168724 | 0.168724 0.075666 | 0.075666
A)/fq 0.025987 | 0.025987 0.06802 0.06802 | 0.108912 | 0.108912 | 0.235488 | 0.235488 0.274995 | 0.274995
AB 0.020426 | 0.020426 | 0.049047 | 0.049047 0.12142 0.12142 | 0.647687 | 0.647687 0.579412 | 0.579412
Ag 4.85E-04 | 4.85E-04 | 1.13E-03 | 1.13E-03 | 0.025455 | 0.025455 | 0.227595 | 0.227595 0.660151 | 0.660151
AEf‘d 0.711051 | 0.711051 | 0.235929 | 0.235929 | 0.081328 | 0.081328 | 0.031651 | 0.031651 0.003089 | 0.003089
AEfq 0.246677 | 0.246677 | 0.614961 | 0.614961 | 0.017332 | 0.017332 | 0.044749 | 0.044749 3.22E-03 3.22E-03
A ;d 0.067062 | 0.067062 | 0.019961 | 0.019961 | 0.620156 | 0.620156 | 0.100848 | 0.100848 1.36E-02 1.36E-02
AI;q 0.022501 | 0.022501 | 0.048703 | 0.048703 | 0.397425 | 0.397425 | 0.691106 | 0.691106 0.127151 | 0.127151

PLL Bandwidth: 82.388Hz

Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Al7, 0.223404 | 0.223404 | 0.748036 | 0.748036 | 0.061368 | 0.061368 | 0.005768 | 0.005768 1.06E-03 1.06E-03
qu 0.73685 0.73685 | 0.217845 | 0.217845 | 0.013442 | 0.013442 | 0.008728 | 0.008728 4.44E-03 4.44E-03
Ays, 0.021523 | 0.021523 | 0.077818 | 0.077818 | 0.433216 | 0.433216 | 0.135949 | 0.135949 0.071735 | 0.071735
Aqu 0.07099 0.07099 | 0.022662 | 0.022662 | 0.094893 | 0.094893 | 0.205722 | 0.205722 0.301323 | 0.301323
AO 0.058528 | 0.058528 | 0.020307 | 0.020307 | 0.124545 | 0.124545 | 0.636999 | 0.636999 0.479689 | 0.479689
Ag 1.53E-03 | 1.53E-03 | 5.53E-04 | 5.53E-04 | 0.030671 | 0.030671 | 0.232565 | 0.232565 0.608502 | 0.608502
AEY, 0.204111 | 0.204111 | 0.758597 | 0.758597 | 0.084464 | 0.084464 0.02936 0.02936 0.002574 | 0.002574
AE{lq 0.648583 | 0.648583 | 0.212906 | 0.212906 | 0.014219 | 0.014219 | 0.049114 | 0.049114 3.41E-03 3.41E-03
A ;d 0.017276 | 0.017276 0.07119 0.07119 | 0.645005 | 0.645005 | 0.093167 | 0.093167 1.51E-02 1.51E-02
N;;q 0.050942 | 0.050942 | 0.019227 | 0.019227 | 0.379995 | 0.379995 | 0.703536 | 0.703536 0.110059 | 0.110059
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PLL Bandwidth: 92.336Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10
Alfd 0.781544 | 0.781544 | 0.188173 | 0.188173 0.0628 0.0628 | 0.005319 | 0.005319 1.16E-03 1.16E-03
qu 0.185002 | 0.185002 | 0.760068 | 0.760068 | 0.011349 | 0.011349 | 0.008776 | 0.008776 5.39E-03 5.39E-03
Ay, 0.081385 | 0.081385 | 0.017876 | 0.017876 0.45515 0.45515 | 0.112388 | 0.112388 0.069222 | 0.069222
A)’fq 0.019265 | 0.019265 | 0.072206 | 0.072206 | 0.082254 | 0.082254 | 0.185429 | 0.185429 0.320894 | 0.320894
AG 0.019335 | 0.019335 | 0.066789 | 0.066789 | 0.124865 | 0.124865 | 0.626696 | 0.626696 0.409316 | 0.409316
Ag 5.91E-04 | 5.91E-04 | 1.95E-03 | 1.95E-03 | 0.035321 | 0.035321 | 0.234891 | 0.234891 0.571864 | 0.571864
AEY, 0.789095 | 0.789095 0.17197 0.17197 | 0.086838 | 0.086838 | 0.027419 | 0.027419 0.002227 | 0.002227
AE{lq 0.179189 | 0.179189 | 0.666386 | 0.666386 | 0.011574 | 0.011574 0.05416 0.05416 3.59E-03 3.59E-03
A ;d 0.073762 | 0.073762 | 0.014553 | 0.014553 | 0.665496 | 0.665496 0.08769 0.08769 1.64E-02 1.64E-02
Ngq 0.016045 | 0.016045 | 0.051888 | 0.051888 | 0.360636 | 0.360636 | 0.717561 | 0.717561 0.09867 0.09867
PLL Bandwidth: 102.648Hz
Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10
Alfd 0.155072 | 0.155072 | 0.801058 | 0.801058 | 0.063934 | 0.063934 | 0.004922 | 0.004922 1.28E-03 1.28E-03
qu 0.769331 | 0.769331 | 0.153662 | 0.153662 | 0.009471 | 0.009471 | 0.008916 | 0.008916 6.38E-03 6.38E-03
Ayfd 0.014518 | 0.014518 | 0.083536 | 0.083536 | 0.474961 | 0.474961 | 0.093515 | 0.093515 0.067907 | 0.067907
A)/fq 0.072026 | 0.072026 | 0.016024 | 0.016024 | 0.070359 | 0.070359 0.16938 0.16938 0.337685 | 0.337685
AB 0.074097 | 0.074097 | 0.017879 | 0.017879 | 0.122977 | 0.122977 0.61633 0.61633 0.354512 | 0.354512
Ag 2.39E-03 | 2.39E-03 | 6.09E-04 | 6.09E-04 | 0.039612 | 0.039612 | 0.236114 | 0.236114 0.542565 | 0.542565
AEf‘d 0.141662 | 0.141662 | 0.805844 | 0.805844 | 0.088591 | 0.088591 0.02556 0.02556 0.001977 | 0.001977
AEfq 0.67133 0.67133 | 0.147585 | 0.147585 | 0.009235 | 0.009235 | 0.059849 | 0.059849 3.80E-03 3.80E-03
A 5(1 0.011981 | 0.011981 | 0.075091 | 0.075091 0.68256 0.68256 | 0.082893 | 0.082893 1.79E-02 1.79E-02
AI;q 0.051771 | 0.051771 | 0.013117 | 0.013117 | 0.339177 | 0.339177 | 0.731626 | 0.731626 0.09059 0.09059
6.3.2 Analysis for a SCR of 2.1652
PLL Bandwidth: 10.277Hz
Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode6 | Mode 7 | Mode 8 Mode 9 | Mode 10
Alfd 0.382551 | 0.382551 0.40109 0.40109 | 0.035645 | 0.035645 | 0.011566 | 0.011566 2.87E-06 2.87E-06
Alfq 0.425015 | 0.425015 | 0.359022 | 0.359022 | 0.029339 | 0.029339 | 0.012097 | 0.012097 5.15E-07 5.15E-07
Ays, 0.039304 | 0.039304 | 0.041961 | 0.041961 | 0.245382 | 0.245382 | 0.372356 | 0.372356 0.0136 0.0136
A)/fq 0.043666 | 0.043666 0.03756 0.03756 | 0.201975 | 0.201975 | 0.389426 | 0.389426 0.002438 | 0.002438
AO 0.00428 0.00428 | 0.004098 | 0.004098 | 0.027717 | 0.027717 | 0.082296 | 0.082296 0.747237 | 0.747237
Ag 1.42E-05 | 1.42E-05 | 1.37E-05 | 1.37E-05 | 0.000761 | 0.000761 0.00495 0.00495 0.707033 | 0.707033
AEY, 0.3435 0.3435 0.41596 0.41596 | 0.047888 | 0.047888 0.03206 0.03206 0.001328 | 0.001328
AE{lq 0.379874 | 0.379874 | 0.370715 | 0.370715 | 0.038272 | 0.038272 | 0.031715 | 0.031715 1.40E-05 1.40E-05
A ;d 0.023709 | 0.023709 | 0.033168 | 0.033168 | 0.437724 | 0.437724 | 0.197634 | 0.197634 5.35E-05 5.35E-05
Algq 0.025956 | 0.025956 | 0.029422 | 0.029422 | 0.417192 | 0.417192 0.28353 0.28353 0.044042 | 0.044042
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PLL Bandwidth: 20.334Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.365601 | 0.365601 0.42707 0.42707 | 0.036856 | 0.036856 | 0.010185 | 0.010185 3.10E-05 3.10E-05
qu 0.449828 | 0.449828 | 0.343395 | 0.343395 | 0.025302 | 0.025302 | 0.010999 | 0.010999 1.44E-05 1.44E-05
Ay, 0.037252 | 0.037252 | 0.044406 | 0.044406 | 0.259582 | 0.259582 | 0.366548 | 0.366548 0.032582 | 0.032582
A)’fq 0.045834 | 0.045834 | 0.035705 | 0.035705 | 0.178208 | 0.178208 | 0.395834 | 0.395834 0.01514 0.01514
AG 0.008775 | 0.008775 | 0.007593 | 0.007593 | 0.049592 | 0.049592 0.1959 0.1959 0.822207 | 0.822207
Ag 5.93E-05 | 5.93E-05 | 5.18E-05 | 5.18E-05 | 0.002861 | 0.002861 | 0.026073 | 0.026073 0.738352 | 0.738352
AEY, 0.327912 | 0.327912 0.441 0.441 | 0.051289 | 0.051289 | 0.033978 | 0.033978 0.002892 | 0.002892
AE{lq 0.399855 | 0.399855 | 0.351597 | 0.351597 | 0.033268 | 0.033268 0.033 0.033 1.74E-04 1.74E-04
A ;d 0.022606 | 0.022606 | 0.034961 | 0.034961 | 0.456072 | 0.456072 | 0.177866 | 0.177866 5.97E-04 5.97E-04
Ngq 0.027029 | 0.027029 | 0.027615 | 0.027615 | 0.413978 | 0.413978 | 0.363694 | 0.363694 0.094819 | 0.094819

PLL Bandwidth: 30.898Hz

Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.463259 | 0.463259 | 0.349142 | 0.349142 | 0.038334 | 0.038334 | 0.008824 | 0.008824 1.57E-04 1.57E-04
qu 0.328711 | 0.328711 0.48404 0.48404 0.02158 0.02158 | 0.009662 | 0.009662 1.39E-04 1.39E-04
Ayfd 0.047887 | 0.047887 0.03523 0.03523 | 0.277523 | 0.277523 | 0.359885 | 0.359885 0.063821 | 0.063821
A)/fq 0.033979 | 0.033979 | 0.048843 | 0.048843 | 0.156229 | 0.156229 | 0.394058 | 0.394058 0.056464 | 0.056464
AB 0.011109 | 0.011109 | 0.014423 | 0.014423 | 0.069797 | 0.069797 | 0.385343 | 0.385343 0.957416 | 0.957416
Ag 1.11E-04 | 1.11E-04 | 1.43E-04 | 1.43E-04 | 0.006065 | 0.006065 | 0.080317 | 0.080317 0.822157 | 0.822157
AEf‘d 0.475844 | 0.475844 | 0.313025 | 0.313025 0.05519 0.05519 | 0.037471 | 0.037471 0.004962 | 0.004962
AEfq 0.33325 0.33325 | 0.428042 | 0.428042 | 0.028497 | 0.028497 | 0.035485 | 0.035485 8.72E-04 8.72E-04
A ;d 0.037477 | 0.037477 0.02157 0.02157 | 0.479024 | 0.479024 0.15874 0.15874 3.00E-03 3.00E-03
AI;q 0.025864 | 0.025864 | 0.028621 | 0.028621 0.41062 0.41062 | 0.490066 | 0.490066 0.160158 | 0.160158

PLL Bandwidth: 40.723Hz

Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Al7, 0.501553 | 0.501553 | 0.335905 | 0.335905 | 0.039721 | 0.039721 | 0.007458 | 0.007458 4.84E-04 4.84E-04
qu 0.317268 | 0.317268 | 0.519881 | 0.519881 0.01882 0.01882 | 0.008169 | 0.008169 6.89E-04 6.89E-04
Ays, 0.05163 0.05163 | 0.033597 | 0.033597 | 0.295039 | 0.295039 | 0.334404 | 0.334404 0.099588 | 0.099588
Aqu 0.032659 | 0.032659 | 0.051998 | 0.051998 | 0.139792 | 0.139792 | 0.366266 | 0.366266 0.141594 | 0.141594
AO 0.013851 | 0.013851 | 0.019988 | 0.019988 | 0.083678 | 0.083678 | 0.594654 | 0.594654 0.982649 | 0.982649
Ag 1.89E-04 | 1.89E-04 | 2.69E-04 | 2.69E-04 | 0.010186 | 0.010186 | 0.172911 | 0.172911 0.843062 | 0.843062
AEY, 0.512647 | 0.512647 | 0.301261 | 0.301261 | 0.058587 | 0.058587 | 0.039919 | 0.039919 0.006707 | 0.006707
AE{lq 0.31881 0.31881 | 0.458035 | 0.458035 | 0.024791 | 0.024791 | 0.037681 | 0.037681 2.52E-03 2.52E-03
A ;d 0.040145 | 0.040145 | 0.020765 | 0.020765 | 0.500975 | 0.500975 | 0.138647 | 0.138647 9.07E-03 9.07E-03
N;;q 0.024484 | 0.024484 | 0.030369 | 0.030369 | 0.406058 | 0.406058 | 0.619948 | 0.619948 0.211445 | 0.211445
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PLL Bandwidth: 51.514Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.55892 0.55892 | 0.318149 | 0.318149 | 0.041425 | 0.041425 | 0.005812 | 0.005812 7.46E-04 7.46E-04
qu 0.302142 | 0.302142 | 0.572887 | 0.572887 | 0.015934 | 0.015934 | 0.006367 | 0.006367 1.62E-03 1.62E-03
Ay, 0.05731 0.05731 | 0.031454 | 0.031454 | 0.317549 | 0.317549 0.24951 0.24951 0.100606 | 0.100606
A)’fq 0.030981 | 0.030981 | 0.056639 | 0.056639 | 0.122149 | 0.122149 | 0.273318 | 0.273318 0.21899 0.21899
AG 0.016803 | 0.016803 | 0.027977 | 0.027977 | 0.097511 | 0.097511 | 0.649613 | 0.649613 0.807965 | 0.807965
Ag 2.80E-04 | 2.80E-04 | 4.59E-04 | 4.59E-04 | 0.014898 | 0.014898 | 0.212994 | 0.212994 0.761731 | 0.761731
AEY, 0.567605 | 0.567605 0.28565 0.28565 | 0.062707 | 0.062707 0.03652 0.03652 0.005501 | 0.005501
AE{lq 0.300202 | 0.300202 | 0.502832 | 0.502832 | 0.020863 | 0.020863 | 0.037978 | 0.037978 3.47E-03 3.47E-03
A ;d 0.044137 | 0.044137 | 0.019708 | 0.019708 | 0.528434 | 0.528434 | 0.112045 | 0.112045 1.36E-02 1.36E-02
Ngq 0.022755 | 0.022755 0.03303 0.03303 | 0.399603 | 0.399603 | 0.650004 | 0.650004 0.180178 | 0.180178

PLL Bandwidth: 61.697Hz

Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.61849 0.61849 | 0.298405 | 0.298405 | 0.042938 | 0.042938 | 0.004973 | 0.004973 8.76E-04 8.76E-04
qu 0.285157 | 0.285157 | 0.626854 | 0.626854 | 0.013651 | 0.013651 | 0.005667 | 0.005667 2.56E-03 2.56E-03
Ayfd 0.063272 | 0.063272 | 0.029173 | 0.029173 | 0.338785 | 0.338785 | 0.192335 | 0.192335 0.089859 | 0.089859
A)/fq 0.029172 | 0.029172 | 0.061284 | 0.061284 | 0.107706 | 0.107706 | 0.219187 | 0.219187 0.262398 | 0.262398
AB 0.018886 | 0.018886 | 0.036297 | 0.036297 0.10629 0.10629 | 0.634236 | 0.634236 0.636473 | 0.636473
Ag 3.79E-04 | 3.79E-04 | 7.12E-04 | 7.12E-04 | 0.019998 | 0.019998 | 0.224399 | 0.224399 0.676132 | 0.676132
AEf‘d 0.624359 | 0.624359 | 0.268318 | 0.268318 | 0.066193 | 0.066193 | 0.033109 | 0.033109 0.004184 | 0.004184
AEfq 0.280416 | 0.280416 | 0.548651 | 0.548651 | 0.017639 | 0.017639 | 0.039958 | 0.039958 3.80E-03 3.80E-03
A ;d 0.048252 | 0.048252 | 0.018537 | 0.018537 | 0.553327 | 0.553327 | 0.098604 | 0.098604 1.57E-02 1.57E-02
AI;q 0.021006 | 0.021006 | 0.035767 | 0.035767 | 0.390461 | 0.390461 | 0.654288 | 0.654288 0.143311 | 0.143311

PLL Bandwidth: 72.136Hz

Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Al7, 0.68171 0.68171 | 0.271643 | 0.271643 | 0.044374 | 0.044374 | 0.004522 | 0.004522 9.55E-04 9.55E-04
qu 0.261518 | 0.261518 | 0.682358 | 0.682358 | 0.011582 | 0.011582 | 0.005504 | 0.005504 3.48E-03 3.48E-03
Ays, 0.069661 | 0.069661 0.02623 0.02623 | 0.360406 | 0.360406 | 0.154285 | 0.154285 0.079945 | 0.079945
Aqu 0.026723 | 0.026723 | 0.065889 | 0.065889 | 0.094065 | 0.094065 | 0.187793 | 0.187793 0.291108 | 0.291108
AO 0.02016 0.02016 | 0.045673 | 0.045673 | 0.112122 | 0.112122 | 0.616479 | 0.616479 0.514891 | 0.514891
Ag 4.75E-04 | 4.75E-04 | 1.05E-03 | 1.05E-03 | 0.025363 | 0.025363 | 0.228871 | 0.228871 0.617126 | 0.617126
AEY, 0.684057 | 0.684057 | 0.244658 | 0.244658 | 0.069415 | 0.069415 | 0.030624 | 0.030624 0.003245 | 0.003245
AE{lq 0.254486 | 0.254486 | 0.595637 | 0.595637 | 0.014665 | 0.014665 | 0.043984 | 0.043984 3.93E-03 3.93E-03
A ;d 0.052554 | 0.052554 | 0.016926 | 0.016926 | 0.577525 | 0.577525 | 0.091975 | 0.091975 1.69E-02 1.69E-02
N;;q 0.018841 | 0.018841 | 0.038542 | 0.038542 | 0.378117 | 0.378117 | 0.668284 | 0.668284 0.116658 | 0.116658
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PLL Bandwidth: 82.388Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.736254 | 0.736254 | 0.238495 | 0.238495 | 0.045615 | 0.045615 0.00424 0.00424 1.02E-03 1.02E-03
qu 0.231426 | 0.231426 | 0.727588 | 0.727588 0.00979 0.00979 | 0.005586 | 0.005586 4.37E-03 4.37E-03
Ay, 0.075237 | 0.075237 | 0.022731 | 0.022731 | 0.380714 | 0.380714 | 0.128045 | 0.128045 0.07307 0.07307
A)’fq 0.023649 | 0.023649 | 0.069348 | 0.069348 | 0.081708 | 0.081708 | 0.168682 | 0.168682 0.311797 | 0.311797
AG 0.020331 | 0.020331 | 0.054973 | 0.054973 | 0.115073 | 0.115073 | 0.604648 | 0.604648 0.432457 | 0.432457
Ag 5.48E-04 | 5.48E-04 | 1.43E-03 | 1.43E-03 | 0.030466 | 0.030466 | 0.231848 | 0.231848 0.577279 | 0.577279
AEY, 0.734784 | 0.734784 | 0.215094 | 0.215094 | 0.072137 | 0.072137 | 0.028727 | 0.028727 0.002644 | 0.002644
AE{lq 0.222988 | 0.222988 | 0.633325 | 0.633325 0.01207 0.01207 | 0.049199 | 0.049199 4.05E-03 4.05E-03
A ;d 0.056162 | 0.056162 | 0.014898 | 0.014898 0.59904 0.59904 | 0.088322 | 0.088322 1.79E-02 1.79E-02
Ngq 0.016331 | 0.016331 | 0.040675 | 0.040675 | 0.363379 | 0.363379 | 0.689268 | 0.689268 0.09949 0.09949

PLL Bandwidth: 92.336Hz

Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.774148 | 0.774148 | 0.203115 | 0.203115 | 0.046626 | 0.046626 | 0.004025 | 0.004025 1.09E-03 1.09E-03
qu 0.198612 | 0.198612 | 0.755642 | 0.755642 | 0.008268 | 0.008268 | 0.005767 | 0.005767 5.22E-03 5.22E-03
Ayfd 0.079176 | 0.079176 | 0.019105 | 0.019105 | 0.398941 | 0.398941 | 0.108661 | 0.108661 0.068607 | 0.068607
A)/fq 0.020313 | 0.020313 | 0.071076 | 0.071076 | 0.070742 | 0.070742 | 0.155716 | 0.155716 0.327868 | 0.327868
AB 0.019553 | 0.019553 | 0.063226 | 0.063226 0.11571 0.11571 | 0.596766 | 0.596766 0.374579 | 0.374579
Ag 5.92E-04 | 5.92E-04 | 1.84E-03 | 1.84E-03 | 0.035057 | 0.035057 | 0.234234 | 0.234234 0.548753 | 0.548753
AEf‘d 0.769107 | 0.769107 | 0.183325 | 0.183325 | 0.074306 | 0.074306 | 0.027115 | 0.027115 0.002251 | 0.002251
AEfq 0.189676 | 0.189676 | 0.655602 | 0.655602 | 0.009869 | 0.009869 0.05502 0.05502 4.18E-03 4.18E-03
A ;d 0.058543 | 0.058543 | 0.012706 | 0.012706 | 0.617194 | 0.617194 | 0.085765 | 0.085765 1.89E-02 1.89E-02
AI;q 0.013761 | 0.013761 | 0.041778 | 0.041778 | 0.347222 | 0.347222 | 0.712288 | 0.712288 0.088331 | 0.088331

PLL Bandwidth: 102.648Hz

Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Al7, 0.168351 | 0.168351 | 0.796844 | 0.796844 | 0.047467 | 0.047467 | 0.003821 | 0.003821 1.17E-03 1.17E-03
qu 0.768366 | 0.768366 | 0.165846 | 0.165846 | 0.006907 | 0.006907 | 0.005995 | 0.005995 6.11E-03 6.11E-03
Ays, 0.015617 | 0.015617 | 0.081606 | 0.081606 | 0.415885 | 0.415885 | 0.092678 | 0.092678 0.065685 | 0.065685
Aqu 0.071276 | 0.071276 | 0.016985 | 0.016985 | 0.060517 | 0.060517 | 0.145415 | 0.145415 0.342053 | 0.342053
AO 0.070531 | 0.070531 | 0.018168 | 0.018168 | 0.114532 | 0.114532 | 0.590503 | 0.590503 0.329394 | 0.329394
Ag 2.27E-03 | 2.27E-03 | 6.13E-04 | 6.13E-04 | 0.039357 | 0.039357 | 0.236471 | 0.236471 0.525493 | 0.525493
AEY, 0.151961 | 0.151961 | 0.788647 | 0.788647 | 0.076057 | 0.076057 | 0.025555 | 0.025555 0.001969 | 0.001969
AE{lq 0.663958 | 0.663958 | 0.157069 | 0.157069 | 0.007918 | 0.007918 | 0.061552 | 0.061552 4.36E-03 4.36E-03
A ;d 0.010533 | 0.010533 | 0.059829 | 0.059829 | 0.632939 | 0.632939 | 0.083414 | 0.083414 2.02E-02 2.02E-02
N;;q 0.041942 | 0.041942 | 0.011299 | 0.011299 | 0.329342 | 0.329342 | 0.736208 | 0.736208 0.080434 | 0.080434
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6.3.3 Analysis for a SCR of 1.8577
PLL Bandwidth: 10.277Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.381065 | 0.381065 | 0.397402 | 0.397402 | 0.028827 | 0.028827 | 0.009008 | 0.009008 3.89E-06 3.89E-06
qu 0.420902 | 0.420902 | 0.357752 | 0.357752 | 0.023611 | 0.023611 | 0.009283 | 0.009283 5.95E-07 5.95E-07
Ay, 0.03872 0.03872 | 0.041095 | 0.041095 | 0.227625 | 0.227625 | 0.363961 | 0.363961 0.019222 | 0.019222
A)’fq 0.042768 | 0.042768 | 0.036995 | 0.036995 | 0.186438 | 0.186438 | 0.375066 | 0.375066 0.00294 0.00294
AG 0.004014 | 0.004014 | 0.003865 | 0.003865 | 0.026548 | 0.026548 | 0.095592 | 0.095592 0.745045 | 0.745045
Ag 1.32E-05 | 1.32E-05 | 1.28E-05 | 1.28E-05 0.00078 0.00078 0.00644 0.00644 0.695643 | 0.695643
AEY, 0.338878 | 0.338878 | 0.407397 | 0.407397 | 0.042816 | 0.042816 | 0.032661 | 0.032661 0.001888 | 0.001888
AEqu 0.372695 | 0.372695 | 0.365258 | 0.365258 | 0.034128 | 0.034128 | 0.031922 | 0.031922 2.24E-05 2.24E-05
A ;d 0.019859 | 0.019859 | 0.027532 | 0.027532 | 0.422293 | 0.422293 | 0.185653 | 0.185653 8.66E-05 8.66E-05
Ngq 0.021626 | 0.021626 | 0.024565 | 0.024565 | 0.402665 | 0.402665 | 0.278588 | 0.278588 0.053742 | 0.053742

PLL Bandwidth: 20.334Hz

Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.365178 | 0.365178 | 0.421707 | 0.421707 | 0.029848 | 0.029848 | 0.007885 | 0.007885 4.54E-05 4.54E-05
qu 0.444098 | 0.444098 | 0.342977 | 0.342977 | 0.020302 | 0.020302 | 0.008206 | 0.008206 1.85E-05 1.85E-05
Ay, 0.036819 | 0.036819 | 0.043353 | 0.043353 | 0.240995 | 0.240995 | 0.369126 | 0.369126 0.048073 | 0.048073
A)/fq 0.044776 | 0.044776 | 0.035259 | 0.035259 | 0.163917 | 0.163917 | 0.384195 | 0.384195 0.019588 | 0.019588
AB 0.008208 | 0.008208 | 0.007179 | 0.007179 | 0.047306 | 0.047306 | 0.237377 | 0.237377 0.850542 | 0.850542
Ag 5.52E-05 | 5.52E-05 | 4.87E-05 | 4.87E-05 | 0.002919 | 0.002919 | 0.035931 | 0.035931 0.741592 | 0.741592
AEf‘d 0.324408 | 0.324408 | 0.430585 | 0.430585 | 0.045934 | 0.045934 | 0.035483 | 0.035483 0.004313 | 0.004313
AEfq 0.391221 | 0.391221 | 0.347421 | 0.347421 | 0.029645 | 0.029645 | 0.033341 | 0.033341 3.01E-04 3.01E-04
A ;d 0.018993 | 0.018993 | 0.028944 | 0.028944 | 0.440654 | 0.440654 | 0.166515 | 0.166515 1.04E-03 1.04E-03
AI;q 0.022467 | 0.022467 | 0.023131 | 0.023131 | 0.400396 | 0.400396 0.37528 0.37528 0.120949 | 0.120949

PLL Bandwidth: 30.898Hz

Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.349869 | 0.349869 | 0.455398 | 0.455398 | 0.031045 | 0.031045 | 0.006743 | 0.006743 2.57E-04 2.57E-04
Alfq 0.475964 | 0.475964 | 0.329184 | 0.329184 | 0.017244 | 0.017244 | 0.006811 | 0.006811 2.08E-04 2.08E-04
Ays, 0.034956 | 0.034956 | 0.046552 | 0.046552 | 0.257393 | 0.257393 | 0.376621 | 0.376621 0.099776 | 0.099776
Ahcq 0.047555 | 0.047555 0.03365 0.03365 | 0.142967 | 0.142967 | 0.380417 | 0.380417 0.08074 0.08074
AO 0.013443 | 0.013443 | 0.010532 | 0.010532 | 0.066205 | 0.066205 | 0.495386 | 0.495386 1.034894 | 1.034894
Ag 1.32E-04 | 1.32E-04 | 1.05E-04 | 1.05E-04 | 0.006146 | 0.006146 | 0.119077 | 0.119077 0.849707 | 0.849707
AEY, 0.310688 | 0.310688 | 0.462693 | 0.462693 | 0.049444 | 0.049444 0.04085 0.04085 0.007797 | 0.007797
AE{lq 0.417259 | 0.417259 | 0.330382 | 0.330382 | 0.025353 | 0.025353 | 0.036112 | 0.036112 1.65E-03 1.65E-03
A ;d 0.018185 | 0.018185 | 0.030913 | 0.030913 | 0.462786 | 0.462786 | 0.147495 | 0.147495 5.79E-03 5.79E-03
Algq 0.023713 | 0.023713 | 0.021745 | 0.021745 | 0.397573 | 0.397573 | 0.541875 | 0.541875 0.213982 | 0.213982
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PLL Bandwidth: 40.723Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.490931 | 0.490931 | 0.337766 | 0.337766 | 0.032133 | 0.032133 | 0.005285 | 0.005285 7.22E-04 7.22E-04
qu 0.318631 | 0.318631 | 0.509284 | 0.509284 | 0.014976 | 0.014976 | 0.005068 | 0.005068 9.90E-04 9.90E-04
Ay, 0.04998 0.04998 | 0.033471 | 0.033471 | 0.273048 | 0.273048 | 0.327958 | 0.327958 0.140443 | 0.140443
A)’fq 0.032438 | 0.032438 | 0.050467 | 0.050467 | 0.127257 | 0.127257 | 0.314509 | 0.314509 0.192617 | 0.192617
AG 0.01317 0.01317 | 0.018566 | 0.018566 | 0.078985 | 0.078985 | 0.704375 | 0.704375 0.983572 | 0.983572
Ag 1.79E-04 | 1.79E-04 | 2.49E-04 | 2.49E-04 | 0.010256 | 0.010256 | 0.230357 | 0.230357 0.825174 | 0.825174
AEY, 0.496503 | 0.496503 | 0.300034 | 0.300034 | 0.052453 | 0.052453 | 0.041762 | 0.041762 0.009274 | 0.009274
AE{lq 0.317149 | 0.317149 | 0.444918 | 0.444918 | 0.022008 | 0.022008 | 0.036417 | 0.036417 4.21E-03 4.21E-03
A ;d 0.032995 | 0.032995 | 0.017569 | 0.017569 | 0.483365 | 0.483365 | 0.120287 | 0.120287 1.59E-02 1.59E-02
Ngq 0.020662 | 0.020662 0.02508 0.02508 0.39331 0.39331 | 0.663471 | 0.663471 0.250092 | 0.250092

PLL Bandwidth: 51.514Hz

Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.544282 | 0.544282 0.32195 0.32195 | 0.033426 | 0.033426 0.0041 0.0041 8.62E-04 8.62E-04
qu 0.305113 | 0.305113 0.55877 0.55877 0.01262 0.01262 | 0.003896 | 0.003896 1.84E-03 1.84E-03
Ayfd 0.055193 | 0.055193 | 0.031562 | 0.031562 | 0.292619 | 0.292619 | 0.230614 | 0.230614 0.11637 0.11637
A)/fq 0.03094 0.03094 | 0.054779 | 0.054779 | 0.110482 | 0.110482 0.21912 0.21912 0.247842 | 0.247842
AB 0.016064 | 0.016064 | 0.025889 | 0.025889 | 0.091464 | 0.091464 | 0.660673 | 0.660673 0.73518 0.73518
Ag 2.67E-04 | 2.67E-04 | 4.23E-04 | 4.23E-04 | 0.014875 | 0.014875 | 0.233186 | 0.233186 0.706253 | 0.706253
AEf‘d 0.547125 | 0.547125 | 0.286282 | 0.286282 | 0.056032 | 0.056032 0.03589 0.03589 0.006247 | 0.006247
AEfq 0.300493 | 0.300493 | 0.486426 | 0.486426 | 0.018483 | 0.018483 0.03606 0.03606 4.59E-03 4.59E-03
A ;d 0.036119 | 0.036119 | 0.016783 | 0.016783 | 0.508339 | 0.508339 | 0.096927 | 0.096927 1.85E-02 1.85E-02
AI;q 0.019328 | 0.019328 | 0.027176 | 0.027176 | 0.387154 | 0.387154 | 0.646173 | 0.646173 0.17982 0.17982

PLL Bandwidth: 61.697Hz

Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Al7, 0.600476 | 0.600476 | 0.304771 | 0.304771 | 0.034549 | 0.034549 | 0.003663 | 0.003663 9.24E-04 9.24E-04
qu 0.290387 | 0.290387 | 0.610045 | 0.610045 | 0.010771 | 0.010771 | 0.003631 | 0.003631 2.65E-03 2.65E-03
Ays, 0.060741 | 0.060741 | 0.029571 | 0.029571 | 0.310789 | 0.310789 | 0.181111 | 0.181111 0.097379 | 0.097379
Aqu 0.029374 | 0.029374 0.05919 0.05919 | 0.096891 | 0.096891 0.17953 0.17953 0.279727 | 0.279727
AO 0.018201 | 0.018201 | 0.033534 | 0.033534 | 0.099263 | 0.099263 | 0.625767 | 0.625767 0.577852 | 0.577852
Ag 3.63E-04 | 3.63E-04 | 6.55E-04 | 6.55E-04 | 0.019833 | 0.019833 | 0.233971 | 0.233971 0.634652 | 0.634652
AEY, 0.600197 | 0.600197 | 0.271396 | 0.271396 | 0.059031 | 0.059031 | 0.032671 | 0.032671 0.004508 | 0.004508
AE{lq 0.283218 | 0.283218 | 0.529688 | 0.529688 | 0.015606 | 0.015606 | 0.039056 | 0.039056 4.67E-03 4.67E-03
A ;d 0.039389 | 0.039389 | 0.015935 | 0.015935 0.53057 0.53057 | 0.089186 | 0.089186 1.96E-02 1.96E-02
N;;q 0.018007 | 0.018007 | 0.029378 | 0.029378 | 0.378649 | 0.378649 | 0.652614 | 0.652614 0.137408 | 0.137408
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PLL Bandwidth: 72.136Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.662204 | 0.662204 | 0.281426 | 0.281426 | 0.035604 | 0.035604 0.00345 0.00345 9.64E-04 9.64E-04
qu 0.269908 | 0.269908 | 0.664957 | 0.664957 | 0.009113 | 0.009113 | 0.003662 | 0.003662 3.48E-03 3.48E-03
Ay, 0.066892 | 0.066892 | 0.026996 | 0.026996 | 0.329108 | 0.329108 | 0.148994 | 0.148994 0.083694 | 0.083694
A)’fq 0.027265 | 0.027265 | 0.063785 | 0.063785 | 0.084241 | 0.084241 | 0.158139 | 0.158139 0.302591 | 0.302591
AG 0.019682 | 0.019682 | 0.042288 | 0.042288 0.10442 0.10442 | 0.606019 | 0.606019 0.473316 | 0.473316
Ag 4.61E-04 | 4.61E-04 | 9.65E-04 | 9.65E-04 | 0.025015 | 0.025015 | 0.235753 | 0.235753 0.588542 | 0.588542
AEY, 0.658062 | 0.658062 | 0.251033 | 0.251033 | 0.061802 | 0.061802 | 0.030548 | 0.030548 0.003418 | 0.003418
AE{lq 0.260626 | 0.260626 | 0.576001 | 0.576001 | 0.012973 | 0.012973 | 0.044062 | 0.044062 4.69E-03 4.69E-03
A ;d 0.042938 | 0.042938 | 0.014764 | 0.014764 | 0.551969 | 0.551969 | 0.086391 | 0.086391 2.02E-02 2.02E-02
Ngq 0.016377 | 0.016377 | 0.031725 | 0.031725 | 0.367495 | 0.367495 | 0.675935 | 0.675935 0.110187 | 0.110187

PLL Bandwidth: 82.388Hz

Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.718713 | 0.718713 | 0.251474 | 0.251474 | 0.036516 | 0.036516 | 0.003319 | 0.003319 1.00E-03 1.00E-03
qu 0.242911 | 0.242911 | 0.713036 | 0.713036 | 0.007693 | 0.007693 | 0.003817 | 0.003817 4,29E-03 4.29E-03
Ayfd 0.072581 | 0.072581 | 0.023833 | 0.023833 | 0.346298 | 0.346298 | 0.126427 | 0.126427 0.074529 | 0.074529
A)/fq 0.024531 | 0.024531 | 0.067577 | 0.067577 | 0.072959 | 0.072959 | 0.145378 | 0.145378 0.319853 | 0.319853
AB 0.020174 | 0.020174 | 0.051232 | 0.051232 | 0.107095 | 0.107095 | 0.596378 | 0.596378 0.402826 | 0.402826
Ag 5.41E-04 | 5.41E-04 | 1.33E-03 | 1.33E-03 | 0.029938 | 0.029938 | 0.238599 | 0.238599 0.557024 | 0.557024
AEf‘d 0.71038 0.71038 | 0.224659 | 0.224659 | 0.064174 | 0.064174 | 0.028942 | 0.028942 0.002739 | 0.002739
AEfq 0.23233 0.23233 | 0.616166 | 0.616166 | 0.010693 | 0.010693 | 0.050162 | 0.050162 4.72E-03 4.72E-03
A ;d 0.046113 | 0.046113 | 0.013233 | 0.013233 | 0.571025 | 0.571025 | 0.085401 | 0.085401 2.07E-02 2.07E-02
AI;q 0.014439 | 0.014439 | 0.033704 | 0.033704 | 0.354508 | 0.354508 | 0.706848 | 0.706848 0.092967 | 0.092967

PLL Bandwidth: 92.336Hz

Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Al7, 0.761019 | 0.761019 | 0.217702 | 0.217702 | 0.037271 | 0.037271 | 0.003216 | 0.003216 1.04E-03 1.04E-03
qu 0.211791 | 0.211791 | 0.746129 | 0.746129 | 0.006497 | 0.006497 | 0.004023 | 0.004023 5.08E-03 5.08E-03
Ays, 0.076898 | 0.076898 | 0.020379 | 0.020379 | 0.361855 | 0.361855 0.10943 0.10943 0.068408 | 0.068408
Aqu 0.021401 | 0.021401 | 0.069845 | 0.069845 | 0.063075 | 0.063075 | 0.136889 | 0.136889 0.333644 | 0.333644
AO 0.019698 | 0.019698 | 0.059423 | 0.059423 0.10782 0.10782 | 0.592232 | 0.592232 0.353223 | 0.353223
Ag 5.93E-04 | 5.93E-04 | 1.72E-03 | 1.72E-03 | 0.034387 | 0.034387 | 0.241947 | 0.241947 0.53399 0.53399
AEY, 0.748729 | 0.748729 | 0.194691 | 0.194691 | 0.066122 | 0.066122 | 0.027578 | 0.027578 0.002297 | 0.002297
AE{lq 0.200812 | 0.200812 | 0.642998 | 0.642998 | 0.008768 | 0.008768 | 0.056889 | 0.056889 4.80E-03 4.80E-03
A ;d 0.048394 | 0.048394 | 0.011481 | 0.011481 | 0.587325 | 0.587325 | 0.084972 | 0.084972 2.14E-02 2.14E-02
N;;q 0.012358 | 0.012358 | 0.034925 | 0.034925 0.34051 0.34051 | 0.740172 | 0.740172 0.08173 0.08173

PLL Bandwidth: 102.648Hz
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Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10
Al7, 0.78838 0.78838 | 0.182661 | 0.182661 0.03792 0.03792 | 0.003113 | 0.003113 1.10E-03 1.10E-03
Alfq 0.178954 | 0.178954 | 0.763874 | 0.763874 | 0.005432 | 0.005432 | 0.004262 | 0.004262 5.92E-03 5.92E-03
Ayfd 0.079756 | 0.079756 | 0.016877 | 0.016877 | 0.376574 | 0.376574 | 0.095193 | 0.095193 0.064073 | 0.064073
Aqu 0.018104 | 0.018104 | 0.070576 | 0.070576 | 0.053943 | 0.053943 | 0.130325 | 0.130325 0.34606 0.34606
AG 0.018509 | 0.018509 | 0.066798 | 0.066798 0.10704 0.10704 | 0.591046 | 0.591046 0.314414 | 0.314414
Ag 6.21E-04 | 6.21E-04 | 2.14E-03 | 2.14E-03 0.03859 0.03859 0.24592 0.24592 0.51484 0.51484
AEfd 0.772582 | 0.772582 | 0.163423 | 0.163423 | 0.067774 | 0.067774 | 0.026264 | 0.026264 0.001979 | 0.001979
AEfq 0.168292 | 0.168292 | 0.656027 | 0.656027 | 0.007064 | 0.007064 | 0.064512 | 0.064512 4.94E-03 4.94E-03
A ﬁa 0.049758 | 0.049758 | 0.009643 | 0.009643 | 0.601836 | 0.601836 | 0.084631 | 0.084631 2.23E-02 2.23E-02
N;q 0.010263 | 0.010263 | 0.035351 | 0.035351 | 0.325146 | 0.325146 | 0.775973 | 0.775973 0.073703 | 0.073703
6.3.4 Analysis for a SCR of 1.6265

PLL Bandwidth: 10.277Hz
Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10
Alfd 0.379961 | 0.379961 | 0.394506 | 0.394506 | 0.024271 | 0.024271 | 0.007282 | 0.007282 4.98E-06 4.98E-06
Alfq 0.417753 | 0.417753 | 0.356764 | 0.356764 | 0.019798 | 0.019798 | 0.007367 | 0.007367 6.39E-07 6.39E-07
Ayfd 0.038299 | 0.038299 | 0.040449 | 0.040449 | 0.214546 | 0.214546 | 0.362439 | 0.362439 0.026332 | 0.026332
A)/fq 0.042108 | 0.042108 0.03658 0.03658 0.17501 0.17501 | 0.366629 | 0.366629 0.003379 | 0.003379
A6 0.003748 | 0.003748 | 0.003627 | 0.003627 | 0.025397 | 0.025397 | 0.110511 | 0.110511 0.739888 | 0.739888
Ag 1.23E-05 | 1.23E-05 | 1.20E-05 | 1.20E-05 0.00079 0.00079 | 0.008262 | 0.008262 0.68049 0.68049
AEfd 0.335512 | 0.335512 | 0.401053 | 0.401053 0.03927 0.03927 | 0.033413 | 0.033413 0.002607 | 0.002607
AE{lq 0.367436 | 0.367436 | 0.361338 | 0.361338 | 0.031258 | 0.031258 | 0.032162 | 0.032162 3.42E-05 3.42E-05
A 5d 0.017083 | 0.017083 | 0.023518 | 0.023518 | 0.412754 | 0.412754 | 0.176469 | 0.176469 1.30E-04 1.30E-04
AI;,‘q 0.018533 | 0.018533 | 0.021091 | 0.021091 | 0.393659 | 0.393659 | 0.277369 | 0.277369 0.064997 | 0.064997

PLL Bandwidth: 20.334Hz
Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10
Al7, 0.364741 | 0.364741 | 0.417242 | 0.417242 | 0.025149 | 0.025149 0.00635 0.00635 6.44E-05 6.44E-05
Nlcq 0.439442 | 0.439442 | 0.342494 | 0.342494 | 0.016973 | 0.016973 | 0.006302 | 0.006302 2.25E-05 2.25E-05
Ayfd 0.0365 0.0365 | 0.042544 | 0.042544 | 0.227259 | 0.227259 | 0.383057 | 0.383057 0.069622 | 0.069622
A)’fq 0.043975 | 0.043975 | 0.034922 | 0.034922 | 0.153378 | 0.153378 | 0.380168 | 0.380168 0.024328 | 0.024328
A6 0.007642 | 0.007642 | 0.006747 | 0.006747 | 0.045044 | 0.045044 | 0.289811 | 0.289811 0.885904 | 0.885904
Ag 5.12E-05 | 5.12E-05 | 4.56E-05 | 4.56E-05 | 0.002938 | 0.002938 | 0.049668 | 0.049668 0.744803 | 0.744803
AEf‘d 0.321726 | 0.321726 0.42258 0.42258 | 0.042139 | 0.042139 | 0.037547 | 0.037547 0.00635 0.00635
AE{lq 0.384663 | 0.384663 | 0.344365 | 0.344365 | 0.027122 | 0.027122 | 0.033745 | 0.033745 4.99E-04 4.99E-04
A ;d 0.016367 | 0.016367 | 0.024658 | 0.024658 0.43109 0.43109 | 0.158034 | 0.158034 1.71E-03 1.71E-03
AI;;q 0.019213 | 0.019213 0.01991 0.01991 | 0.391932 | 0.391932 0.39611 0.39611 0.155217 | 0.155217
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PLL Bandwidth: 30.898Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.44837 0.44837 | 0.350053 | 0.350053 | 0.026146 | 0.026146 | 0.005351 | 0.005351 4.34E-04 4.34E-04
qu 0.329115 | 0.329115 | 0.468892 | 0.468892 | 0.014359 | 0.014359 | 0.004816 | 0.004816 3.21E-04 3.21E-04
Ay, 0.045472 | 0.045472 | 0.034735 | 0.034735 | 0.242441 | 0.242441 | 0.416828 | 0.416828 0.158843 | 0.158843
A)’fq 0.033378 | 0.033378 | 0.046528 | 0.046528 | 0.133151 | 0.133151 | 0.375142 | 0.375142 0.117709 | 0.117709
AG 0.009912 | 0.009912 | 0.012463 | 0.012463 | 0.062657 | 0.062657 | 0.665722 | 0.665722 1.155154 | 1.155154
Ag 9.82E-05 | 9.82E-05 | 1.22E-04 | 1.22E-04 | 0.006142 | 0.006142 | 0.185351 | 0.185351 0.892323 | 0.892323
AEY, 0.452022 | 0.452022 | 0.308619 | 0.308619 | 0.045313 | 0.045313 | 0.046402 | 0.046402 0.012544 | 0.012544
AE{lq 0.328104 | 0.328104 | 0.408569 | 0.408569 | 0.023146 | 0.023146 | 0.036941 | 0.036941 3.16E-03 3.16E-03
A ;d 0.026228 | 0.026228 | 0.015696 | 0.015696 | 0.452508 | 0.452508 | 0.138853 | 0.138853 1.13E-02 1.13E-02
Ngq 0.018765 | 0.018765 | 0.020206 | 0.020206 | 0.389302 | 0.389302 | 0.632925 | 0.632925 0.296686 | 0.296686

PLL Bandwidth: 40.723Hz

Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.480847 | 0.480847 | 0.338551 | 0.338551 | 0.027025 | 0.027025 0.0037 0.0037 9.57E-04 9.57E-04
qu 0.318957 | 0.318957 | 0.499381 | 0.499381 | 0.012423 | 0.012423 | 0.002981 | 0.002981 1.28E-03 1.28E-03
Ayfd 0.048573 | 0.048573 | 0.033339 | 0.033339 | 0.256613 | 0.256613 | 0.316167 | 0.316167 0.178106 | 0.178106
A)/fq 0.03222 0.03222 | 0.049177 | 0.049177 | 0.117967 | 0.117967 | 0.254693 | 0.254693 0.237653 | 0.237653
AB 0.01241 0.01241 | 0.017137 | 0.017137 | 0.074367 | 0.074367 | 0.781604 | 0.781604 0.931062 | 0.931062
Ag 1.68E-04 | 1.68E-04 | 2.29E-04 | 2.29E-04 | 0.010183 | 0.010183 | 0.282606 | 0.282606 0.767587 | 0.767587
AEf‘d 0.482695 | 0.482695 | 0.298527 | 0.298527 0.04799 0.04799 0.04253 0.04253 0.011547 | 0.011547
AEfq 0.315556 | 0.315556 0.4337 0.4337 | 0.020043 | 0.020043 | 0.033607 | 0.033607 6.23E-03 6.23E-03
A ;d 0.027869 | 0.027869 | 0.015189 | 0.015189 | 0.471901 | 0.471901 | 0.100648 | 0.100648 2.43E-02 2.43E-02
AI;q 0.017874 | 0.017874 | 0.021283 | 0.021283 | 0.385109 | 0.385109 | 0.693639 | 0.693639 0.272575 | 0.272575

PLL Bandwidth: 51.514Hz

Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Al7, 0.529287 | 0.529287 | 0.323951 | 0.323951 | 0.028037 | 0.028037 | 0.003008 | 0.003008 9.58E-04 9.58E-04
qu 0.306353 | 0.306353 | 0.544425 | 0.544425 | 0.010424 | 0.010424 | 0.002425 | 0.002425 1.98E-03 1.98E-03
Ays, 0.053258 | 0.053258 | 0.031587 | 0.031587 | 0.273882 | 0.273882 | 0.221121 | 0.221121 0.130308 | 0.130308
Aqu 0.030826 | 0.030826 | 0.053085 | 0.053085 | 0.101822 | 0.101822 | 0.178236 | 0.178236 0.268612 | 0.268612
AO 0.01518 0.01518 | 0.023752 | 0.023752 | 0.085559 | 0.085559 0.67357 0.67357 0.671735 | 0.671735
Ag 2.51E-04 | 2.51E-04 | 3.87E-04 | 3.87E-04 | 0.014649 | 0.014649 | 0.253574 | 0.253574 0.655208 | 0.655208
AEY, 0.528333 | 0.528333 | 0.285882 | 0.285882 | 0.051114 | 0.051114 | 0.035943 | 0.035943 0.006943 | 0.006943
AE{lq 0.300143 | 0.300143 | 0.471223 | 0.471223 | 0.016789 | 0.016789 | 0.034393 | 0.034393 5.81E-03 5.81E-03
A ;d 0.030316 | 0.030316 | 0.014562 | 0.014562 | 0.494792 | 0.494792 | 0.085113 | 0.085113 2.38E-02 2.38E-02
N;;q 0.016798 | 0.016798 | 0.022927 | 0.022927 | 0.378994 | 0.378994 | 0.659881 | 0.659881 0.178813 | 0.178813

PLL Bandwidth: 61.697Hz
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Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Al7, 0.580499 | 0.580499 | 0.308765 | 0.308765 | 0.028899 | 0.028899 | 0.002808 | 0.002808 9.73E-04 9.73E-04
Alfq 0.293305 | 0.293305 | 0.591395 | 0.591395 | 0.008867 | 0.008867 | 0.002378 | 0.002378 2.71E-03 2.71E-03
Ayfd 0.058261 | 0.058261 | 0.029822 | 0.029822 | 0.289642 | 0.289642 | 0.178375 | 0.178375 0.10516 0.10516
Aqu 0.029437 | 0.029437 0.05712 0.05712 0.08887 0.08887 | 0.151067 | 0.151067 0.292812 | 0.292812
A8 0.017298 | 0.017298 | 0.030625 | 0.030625 | 0.092429 | 0.092429 | 0.634325 | 0.634325 0.533758 | 0.533758
Ag 3.44E-04 | 3.44E-04 | 5.97E-04 | 5.97E-04 | 0.019403 | 0.019403 0.24954 0.24954 0.600748 | 0.600748
AEfd 0.576394 | 0.576394 | 0.272811 | 0.272811 | 0.053701 | 0.053701 0.0332 0.0332 0.004887 | 0.004887
AEfq 0.284786 | 0.284786 | 0.510609 | 0.510609 | 0.014151 | 0.014151 | 0.038653 | 0.038653 5.68E-03 5.68E-03
A 5(1 0.032891 | 0.032891 | 0.013916 | 0.013916 | 0.514789 | 0.514789 0.08206 0.08206 2.38E-02 2.38E-02
AI;q 0.015764 | 0.015764 | 0.024671 | 0.024671 | 0.370869 | 0.370869 | 0.678369 | 0.678369 0.134425 | 0.134425

PLL Bandwidth: 72.136Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.638184 | 0.638184 | 0.288733 | 0.288733 | 0.029698 | 0.029698 | 0.002731 | 0.002731 9.82E-04 9.82E-04
Alfq 0.275812 | 0.275812 | 0.643236 | 0.643236 | 0.007485 | 0.007485 | 0.002487 | 0.002487 3.47E-03 3.47E-03
Ayfd 0.063945 | 0.063945 | 0.027598 | 0.027598 | 0.305351 | 0.305351 0.15049 0.15049 0.088205 | 0.088205
A)/fq 0.027636 | 0.027636 | 0.061483 | 0.061483 | 0.076964 | 0.076964 | 0.137089 | 0.137089 0.311613 | 0.311613
A8 0.018915 | 0.018915 | 0.038561 | 0.038561 | 0.096926 | 0.096926 | 0.618335 | 0.618335 0.44309 0.44309
Ag 4.41E-04 | 4.41E-04 | 8.78E-04 | 8.78E-04 | 0.024337 | 0.024337 | 0.251328 | 0.251328 0.565505 | 0.565505
AElad 0.630203 | 0.630203 | 0.255498 | 0.255498 | 0.056082 | 0.056082 | 0.031499 | 0.031499 0.00365 0.00365
AEfq 0.265322 | 0.265322 | 0.554144 | 0.554144 | 0.011757 | 0.011757 | 0.044842 | 0.044842 5.57E-03 5.57E-03
A Sa 0.035763 | 0.035763 | 0.013055 | 0.013055 | 0.533829 | 0.533829 | 0.082379 | 0.082379 2.38E-02 2.38E-02
AI;}q 0.014523 | 0.014523 | 0.026597 | 0.026597 | 0.360556 | 0.360556 | 0.716601 | 0.716601 0.106795 | 0.106795

PLL Bandwidth: 82.388Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Al7, 0.694122 | 0.694122 | 0.262882 | 0.262882 | 0.030387 | 0.030387 | 0.002694 | 0.002694 9.95E-04 9.95E-04
qu 0.252691 | 0.252691 | 0.691832 | 0.691832 | 0.006312 | 0.006312 | 0.002666 | 0.002666 4.23E-03 4.23E-03
Ayfd 0.069507 | 0.069507 | 0.024852 | 0.024852 | 0.320033 | 0.320033 | 0.130659 | 0.130659 0.076839 | 0.076839
A)’fq 0.025304 | 0.025304 | 0.065404 | 0.065404 | 0.066481 | 0.066481 | 0.129307 | 0.129307 0.326334 | 0.326334
A6 0.019724 | 0.019724 | 0.046897 | 0.046897 | 0.099275 | 0.099275 | 0.615156 | 0.615156 0.381702 | 0.381702
Ag 5.27E-04 | 5.27E-04 | 1.22E-03 | 1.22E-03 | 0.029012 | 0.029012 | 0.256115 | 0.256115 0.540691 | 0.540691
AEf‘d 0.681874 | 0.681874 | 0.232969 | 0.232969 | 0.058133 | 0.058133 | 0.030264 | 0.030264 0.002882 | 0.002882
AE{lq 0.240903 | 0.240903 | 0.594742 | 0.594742 0.0097 0.0097 | 0.052221 | 0.052221 5.51E-03 5.51E-03
A ;d 0.0385 0.0385 | 0.011924 | 0.011924 | 0.550755 | 0.550755 | 0.083885 | 0.083885 2.39E-02 2.39E-02
AI;;q 0.013045 | 0.013045 | 0.028365 | 0.028365 | 0.348873 | 0.348873 | 0.763991 | 0.763991 0.089223 | 0.089223
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PLL Bandwidth: 92.336Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10
Alfd 0.739931 | 0.739931 | 0.232468 | 0.232468 | 0.030963 | 0.030963 0.00267 0.00267 1.01E-03 1.01E-03
qu 0.224888 | 0.224888 | 0.729333 | 0.729333 | 0.005331 | 0.005331 0.00288 0.00288 4.97E-03 4.97E-03
Ay, 0.074112 | 0.074112 | 0.021729 | 0.021729 | 0.333366 | 0.333366 | 0.115661 | 0.115661 0.069056 | 0.069056
A)’fq 0.022525 | 0.022525 | 0.068173 | 0.068173 | 0.057396 | 0.057396 | 0.124745 | 0.124745 0.338377 | 0.338377
AG 0.019642 | 0.019642 | 0.054848 | 0.054848 | 0.099979 | 0.099979 | 0.619447 | 0.619447 0.338364 | 0.338364
Ag 5.89E-04 | 5.89E-04 | 1.59E-03 | 1.59E-03 | 0.033244 | 0.033244 | 0.262674 | 0.262674 0.522097 | 0.522097
AEY, 0.723524 | 0.723524 | 0.206251 | 0.206251 | 0.059849 | 0.059849 | 0.029272 | 0.029272 0.00238 0.00238
AE{lq 0.21262 0.21262 | 0.625525 | 0.625525 | 0.007971 | 0.007971 | 0.060484 | 0.060484 5.52E-03 5.52E-03
A ;d 0.040674 | 0.040674 | 0.010571 | 0.010571 0.56535 0.56535 | 0.085807 | 0.085807 2.42E-02 2.42E-02
Ngq 0.011401 | 0.011401 | 0.029643 | 0.029643 | 0.336526 | 0.336526 | 0.816132 | 0.816132 0.077615 | 0.077615
PLL Bandwidth: 102.648Hz
Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10
Alfd 0.773071 | 0.773071 | 0.198918 | 0.198918 | 0.031468 | 0.031468 | 0.002648 | 0.002648 1.04E-03 1.04E-03
qu 0.193686 | 0.193686 | 0.753438 | 0.753438 | 0.004461 | 0.004461 | 0.003131 | 0.003131 5.76E-03 5.76E-03
Ayfd 0.077499 | 0.077499 | 0.018369 | 0.018369 | 0.346117 | 0.346117 | 0.103156 | 0.103156 0.063291 | 0.063291
A)/fq 0.019417 | 0.019417 | 0.069576 | 0.069576 | 0.049065 | 0.049065 | 0.121941 | 0.121941 0.349416 | 0.349416
AB 0.018796 | 0.018796 0.06227 0.06227 | 0.099436 | 0.099436 | 0.629569 | 0.629569 0.304399 | 0.304399
Ag 6.28E-04 | 6.28E-04 | 2.00E-03 | 2.00E-03 | 0.037266 | 0.037266 | 0.271351 | 0.271351 0.506311 | 0.506311
AEf‘d 0.752842 | 0.752842 | 0.176602 | 0.176602 0.06135 0.06135 | 0.028386 | 0.028386 0.002016 | 0.002016
AEfq 0.18167 0.18167 | 0.644332 | 0.644332 | 0.006442 | 0.006442 | 0.070198 | 0.070198 5.59E-03 5.59E-03
A 5(1 0.042162 | 0.042162 0.00906 0.00906 | 0.578576 | 0.578576 | 0.088069 | 0.088069 2.47E-02 2.47E-02
AI;q 0.009652 | 0.009652 | 0.030319 | 0.030319 0.32314 0.32314 | 0.875706 | 0.875706 0.069203 | 0.069203
6.3.5 Analysis for a SCR of 1.4463
PLL Bandwidth: 10.277Hz
Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode6 | Mode 7 | Mode 8 Mode 9 | Mode 10
Alfd 0.379096 | 0.379096 | 0.392033 | 0.392033 | 0.020898 | 0.020898 | 0.006009 | 0.006009 6.06E-06 6.06E-06
qu 0.415121 | 0.415121 | 0.355957 | 0.355957 | 0.016995 | 0.016995 | 0.005939 | 0.005939 6.13E-07 6.13E-07
Ays, 0.037975 | 0.037975 0.03993 0.03993 0.20396 0.20396 | 0.365955 | 0.365955 0.035956 | 0.035956
A)/fq 0.041584 | 0.041584 | 0.036256 | 0.036256 | 0.165867 | 0.165867 | 0.361688 | 0.361688 0.003637 | 0.003637
AO 0.003442 | 0.003442 0.00335 0.00335 | 0.024027 | 0.024027 | 0.127645 | 0.127645 0.730272 | 0.730272
Ag 1.13E-05 | 1.13E-05 | 1.10E-05 | 1.10E-05 | 0.000785 | 0.000785 | 0.010557 | 0.010557 0.659778 | 0.659778
AEY, 0.332867 | 0.332867 | 0.395934 | 0.395934 | 0.036502 | 0.036502 | 0.034316 | 0.034316 0.003603 | 0.003603
AE{lq 0.363257 | 0.363257 | 0.358337 | 0.358337 | 0.029066 | 0.029066 | 0.032417 | 0.032417 5.01E-05 5.01E-05
A ;d 0.014913 | 0.014913 | 0.020411 | 0.020411 | 0.406425 | 0.406425 | 0.168826 | 0.168826 1.82E-04 1.82E-04
Algq 0.016136 | 0.016136 | 0.018396 | 0.018396 | 0.387602 | 0.387602 | 0.278724 | 0.278724 0.079532 | 0.079532
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PLL Bandwidth: 20.334Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.364274 | 0.364274 | 0.413134 | 0.413134 | 0.021661 | 0.021661 | 0.005241 | 0.005241 8.98E-05 8.98E-05
qu 0.435245 | 0.435245 0.34194 0.34194 | 0.014534 | 0.014534 | 0.004889 | 0.004889 2.53E-05 2.53E-05
Ay, 0.03625 0.03625 | 0.041864 | 0.041864 | 0.216081 | 0.216081 | 0.411022 | 0.411022 0.102495 | 0.102495
A)’fq 0.043312 | 0.043312 0.03465 0.03465 | 0.144983 | 0.144983 0.38342 0.38342 0.028935 | 0.028935
AG 0.006996 | 0.006996 | 0.006236 | 0.006236 | 0.042392 | 0.042392 | 0.360621 | 0.360621 0.934368 | 0.934368
Ag 4.67E-05 | 4.67E-05 | 4.20E-05 | 4.20E-05 | 0.002903 | 0.002903 | 0.070379 | 0.070379 0.748508 | 0.748508
AEY, 0.319478 | 0.319478 0.41579 0.41579 | 0.039129 | 0.039129 | 0.040414 | 0.040414 0.009613 | 0.009613
AE{lq 0.379193 | 0.379193 | 0.341972 | 0.341972 | 0.025198 | 0.025198 | 0.034201 | 0.034201 8.16E-04 8.16E-04
A ;d 0.0143 0.0143 | 0.021338 | 0.021338 | 0.424676 | 0.424676 | 0.151501 | 0.151501 2.75E-03 2.75E-03
Ngq 0.016694 | 0.016694 | 0.017405 | 0.017405 | 0.386131 | 0.386131 | 0.428457 | 0.428457 0.206714 | 0.206714

PLL Bandwidth: 30.898Hz

Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.441409 | 0.441409 | 0.349814 | 0.349814 | 0.022499 | 0.022499 | 0.004354 | 0.004354 8.68E-04 8.68E-04
qu 0.328598 | 0.328598 | 0.461999 | 0.461999 | 0.012253 | 0.012253 | 0.003237 | 0.003237 5.89E-04 5.89E-04
Ayfd 0.044506 | 0.044506 | 0.034544 | 0.034544 | 0.230174 | 0.230174 | 0.515194 | 0.515194 0.287032 | 0.287032
A)/fq 0.033132 | 0.033132 | 0.045622 | 0.045622 | 0.125349 | 0.125349 | 0.383061 | 0.383061 0.194961 | 0.194961
AB 0.009162 | 0.009162 | 0.011351 | 0.011351 | 0.058579 | 0.058579 | 1.018532 | 1.018532 1.409177 | 1.409177
Ag 9.05E-05 | 9.05E-05 | 1.11E-04 | 1.11E-04 | 0.006024 | 0.006024 | 0.339195 | 0.339195 0.985216 | 0.985216
AEf‘d 0.442368 | 0.442368 | 0.306579 | 0.306579 | 0.041982 | 0.041982 0.05808 0.05808 0.023132 | 0.023132
AEfq 0.326125 | 0.326125 0.40079 0.40079 | 0.021461 | 0.021461 | 0.038386 | 0.038386 7.15E-03 7.15E-03
A ;d 0.022585 | 0.022585 | 0.013718 | 0.013718 0.44535 0.44535 | 0.132498 | 0.132498 2.59E-02 2.59E-02
AI;q 0.016436 | 0.016436 | 0.017483 | 0.017483 | 0.383429 | 0.383429 | 0.832876 | 0.832876 0.46895 0.46895

PLL Bandwidth: 40.723Hz

Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Al7, 0.470336 | 0.470336 | 0.338501 | 0.338501 | 0.023215 | 0.023215 | 0.002505 | 0.002505 1.18E-03 1.18E-03
qu 0.31843 0.31843 | 0.489169 | 0.489169 | 0.010568 | 0.010568 | 0.001586 | 0.001586 1.52E-03 1.52E-03
Ays, 0.047246 | 0.047246 | 0.033196 | 0.033196 0.243 0.243 | 0.304857 | 0.304857 0.211309 | 0.211309
Aqu 0.031987 | 0.031987 | 0.047971 | 0.047971 | 0.110613 | 0.110613 | 0.193053 | 0.193053 0.272106 | 0.272106
AO 0.011471 | 0.011471 | 0.015518 | 0.015518 | 0.069139 | 0.069139 | 0.834979 | 0.834979 0.841089 | 0.841089
Ag 1.55E-04 | 1.55E-04 | 2.07E-04 | 2.07E-04 | 0.009919 | 0.009919 | 0.331735 | 0.331735 0.680719 | 0.680719
AEY, 0.469524 | 0.469524 | 0.296632 | 0.296632 0.04434 0.04434 | 0.042967 | 0.042967 0.013525 | 0.013525
AE{lq 0.313883 | 0.313883 | 0.423036 | 0.423036 | 0.018549 | 0.018549 | 0.029613 | 0.029613 8.56E-03 8.56E-03
A ;d 0.023863 | 0.023863 | 0.013276 | 0.013276 | 0.463542 | 0.463542 | 0.080515 | 0.080515 3.41E-02 3.41E-02
N;;q 0.015682 | 0.015682 0.01832 0.01832 | 0.379133 | 0.379133 | 0.724437 | 0.724437 0.282263 | 0.282263
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PLL Bandwidth: 51.514Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.512782 | 0.512782 | 0.324538 | 0.324538 | 0.024016 | 0.024016 0.00223 0.00223 1.07E-03 1.07E-03
qu 0.306156 | 0.306156 | 0.528699 | 0.528699 | 0.008835 | 0.008835 | 0.001448 | 0.001448 2.08E-03 2.08E-03
Ay, 0.051315 | 0.051315 | 0.031543 | 0.031543 | 0.258236 | 0.258236 0.2229 0.2229 0.146196 | 0.146196
A)’fq 0.030638 | 0.030638 | 0.051386 | 0.051386 | 0.094997 | 0.094997 | 0.144715 | 0.144715 0.285117 | 0.285117
AG 0.014045 | 0.014045 | 0.021328 | 0.021328 | 0.079005 | 0.079005 | 0.708551 | 0.708551 0.615441 | 0.615441
Ag 2.32E-04 | 2.32E-04 | 3.47E-04 | 3.47E-04 0.01415 0.01415 | 0.284746 | 0.284746 0.604313 | 0.604313
AEY, 0.509285 | 0.509285 | 0.284506 | 0.284506 | 0.047038 | 0.047038 | 0.037413 | 0.037413 0.007808 | 0.007808
AE{lq 0.299173 | 0.299173 | 0.455733 | 0.455733 | 0.015503 | 0.015503 | 0.032883 | 0.032883 7.35E-03 7.35E-03
A ;d 0.025738 | 0.025738 | 0.012743 | 0.012743 | 0.484437 | 0.484437 | 0.074767 | 0.074767 3.03E-02 3.03E-02
Ngq 0.014785 | 0.014785 | 0.019577 | 0.019577 | 0.372881 | 0.372881 | 0.709662 | 0.709662 0.180678 | 0.180678

PLL Bandwidth: 61.697Hz

Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.55732 0.55732 | 0.310815 | 0.310815 | 0.024682 | 0.024682 | 0.002196 | 0.002196 1.04E-03 1.04E-03
qu 0.294228 | 0.294228 0.5697 0.5697 | 0.007499 | 0.007499 | 0.001514 | 0.001514 2.74E-03 2.74E-03
Ayfd 0.055627 | 0.055627 | 0.029953 | 0.029953 | 0.271868 | 0.271868 | 0.186957 | 0.186957 0.115357 | 0.115357
A)/fq 0.029367 | 0.029367 | 0.054901 | 0.054901 | 0.082598 | 0.082598 | 0.128865 | 0.128865 0.303432 | 0.303432
AB 0.016061 | 0.016061 | 0.027287 | 0.027287 | 0.084942 | 0.084942 | 0.677794 | 0.677794 0.497015 | 0.497015
Ag 3.18E-04 | 3.18E-04 | 5.31E-04 | 5.31E-04 | 0.018618 | 0.018618 | 0.281092 | 0.281092 0.567397 | 0.567397
AEf‘d 0.550871 | 0.550871 | 0.272691 | 0.272691 0.04924 0.04924 | 0.035573 | 0.035573 0.005427 | 0.005427
AEfq 0.285224 | 0.285224 | 0.489882 | 0.489882 | 0.013055 | 0.013055 | 0.038928 | 0.038928 6.98E-03 6.98E-03
A ;d 0.027699 | 0.027699 | 0.012228 | 0.012228 | 0.502315 | 0.502315 | 0.076367 | 0.076367 2.92E-02 2.92E-02
AI;q 0.013957 | 0.013957 | 0.020905 | 0.020905 | 0.364995 | 0.364995 | 0.755322 | 0.755322 0.135031 | 0.135031

PLL Bandwidth: 72.136Hz

Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Al7, 0.608179 | 0.608179 | 0.293796 | 0.293796 0.02529 0.02529 | 0.002233 | 0.002233 1.03E-03 1.03E-03
qu 0.279348 | 0.279348 | 0.615776 | 0.615776 | 0.006323 | 0.006323 | 0.001667 | 0.001667 3.44E-03 3.44E-03
Ays, 0.06059 0.06059 | 0.028051 | 0.028051 | 0.285277 | 0.285277 0.16403 0.16403 0.094923 | 0.094923
Aqu 0.02783 0.02783 | 0.058794 | 0.058794 | 0.071329 | 0.071329 | 0.122439 | 0.122439 0.318896 | 0.318896
AO 0.017723 | 0.017723 0.03416 0.03416 | 0.088776 | 0.088776 | 0.678249 | 0.678249 0.418478 | 0.418478
Ag 4.12E-04 | 4.12E-04 | 7.78E-04 | 7.78E-04 | 0.023224 | 0.023224 | 0.288524 | 0.288524 0.542452 | 0.542452
AEY, 0.598137 | 0.598137 | 0.258044 | 0.258044 | 0.051252 | 0.051252 | 0.034807 | 0.034807 0.004008 | 0.004008
AE{lq 0.268557 | 0.268557 | 0.528364 | 0.528364 | 0.010852 | 0.010852 | 0.047284 | 0.047284 6.72E-03 6.72E-03
A ;d 0.029922 | 0.029922 | 0.011588 | 0.011588 | 0.519125 | 0.519125 | 0.080626 | 0.080626 2.85E-02 2.85E-02
N;;q 0.013007 | 0.013007 | 0.022407 | 0.022407 | 0.355354 | 0.355354 | 0.828702 | 0.828702 0.106583 | 0.106583
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PLL Bandwidth: 82.388Hz

Mode 1 | Mode2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.659993 | 0.659993 | 0.272562 | 0.272562 | 0.025812 | 0.025812 | 0.002305 | 0.002305 1.02E-03 1.02E-03
qu 0.260473 | 0.260473 | 0.661573 | 0.661573 | 0.005333 | 0.005333 | 0.001878 | 0.001878 4.15E-03 4.15E-03
Ay, 0.065686 | 0.065686 | 0.025771 | 0.025771 | 0.297729 | 0.297729 | 0.148705 | 0.148705 0.081082 | 0.081082
A)’fq 0.025924 | 0.025924 | 0.062553 | 0.062553 | 0.061515 | 0.061515 | 0.121173 | 0.121173 0.33147 0.33147
AG 0.018795 | 0.018795 | 0.041529 | 0.041529 | 0.090775 | 0.090775 | 0.699092 | 0.699092 0.364894 | 0.364894
Ag 5.00E-04 | 5.00E-04 | 1.08E-03 | 1.08E-03 | 0.027574 | 0.027574 | 0.303227 | 0.303227 0.524057 | 0.524057
AEY, 0.645943 | 0.645943 | 0.239678 | 0.239678 | 0.052988 | 0.052988 | 0.034681 | 0.034681 0.003122 | 0.003122
AE{lq 0.248381 | 0.248381 | 0.566539 | 0.566539 0.00897 0.00897 | 0.057725 | 0.057725 6.54E-03 6.54E-03
A ;d 0.032159 | 0.032159 0.01078 0.01078 | 0.534012 | 0.534012 0.08643 0.08643 2.80E-02 2.80E-02
Ngq 0.011911 | 0.011911 | 0.023884 | 0.023884 | 0.344757 | 0.344757 | 0.922648 | 0.922648 0.088239 | 0.088239

PLL Bandwidth: 92.336Hz

Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode5 | Mode 6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Alfd 0.706603 | 0.706603 | 0.247207 | 0.247207 | 0.026252 | 0.026252 | 0.002407 | 0.002407 1.01E-03 1.01E-03
qu 0.237512 | 0.237512 | 0.701178 | 0.701178 | 0.004509 | 0.004509 | 0.002146 | 0.002146 4.85E-03 4.85E-03
Ayfd 0.07031 0.07031 0.02314 0.02314 | 0.309038 | 0.309038 | 0.138642 | 0.138642 0.071395 | 0.071395
A)/fq 0.023633 | 0.023633 | 0.065634 | 0.065634 | 0.053084 | 0.053084 | 0.123603 | 0.123603 0.342022 | 0.342022
AB 0.019158 | 0.019158 | 0.048875 | 0.048875 | 0.091407 | 0.091407 | 0.737841 | 0.737841 0.326909 | 0.326909
Ag 5.72E-04 | 5.72E-04 | 1.42E-03 | 1.42E-03 | 0.031516 | 0.031516 | 0.324925 | 0.324925 0.509782 | 0.509782
AEf‘d 0.688478 | 0.688478 | 0.217607 | 0.217607 | 0.054458 | 0.054458 | 0.035123 | 0.035123 0.002539 | 0.002539
AEfq 0.224754 | 0.224754 | 0.599246 | 0.599246 | 0.007395 | 0.007395 0.07061 0.07061 6.44E-03 6.44E-03
A ;d 0.034129 | 0.034129 | 0.009801 | 0.009801 | 0.546907 | 0.546907 0.09377 0.09377 2.77E-02 2.77E-02
AI;q 0.010678 | 0.010678 | 0.025118 | 0.025118 | 0.333803 | 0.333803 | 1.039112 | 1.039112 0.075917 | 0.075917

PLL Bandwidth: 102.648Hz

Mode 1 | Mode 2 | Mode 3| Mode 4 | Mode5 | Mode6 | Mode 7 | Mode 8 Mode 9 | Mode 10

Al7, 0.745251 | 0.745251 | 0.217617 | 0.217617 | 0.026643 | 0.026643 | 0.002563 | 0.002563 1.02E-03 1.02E-03
qu 0.210267 | 0.210267 | 0.731826 | 0.731826 | 0.003781 | 0.003781 | 0.002514 | 0.002514 5.60E-03 5.60E-03
Ays, 0.074187 | 0.074187 0.02015 0.02015 | 0.319918 | 0.319918 | 0.132869 | 0.132869 0.063987 | 0.063987
Aqu 0.020931 | 0.020931 | 0.067763 | 0.067763 | 0.045399 | 0.045399 | 0.130333 | 0.130333 0.351889 | 0.351889
AO 0.018824 | 0.018824 | 0.056119 | 0.056119 | 0.091019 | 0.091019 | 0.803304 | 0.803304 0.297071 | 0.297071
Ag 6.26E-04 | 6.26E-04 | 1.80E-03 | 1.80E-03 | 0.035278 | 0.035278 0.35864 0.35864 0.497302 | 0.497302
AEY, 0.723137 | 0.723137 | 0.191699 | 0.191699 | 0.055772 | 0.055772 | 0.036403 | 0.036403 0.002112 | 0.002112
AE{lq 0.197491 | 0.197491 | 0.623946 | 0.623946 | 0.006003 | 0.006003 | 0.088285 | 0.088285 6.41E-03 6.41E-03
A ;d 0.035708 | 0.035708 | 0.008644 | 0.008644 0.55874 0.55874 | 0.104162 | 0.104162 2.77E-02 2.77E-02
N;;q 0.009299 | 0.009299 | 0.025991 | 0.025991 | 0.322111 | 0.322111 | 1.200323 | 1.200323 0.066825 | 0.066825

193




Appendix G: Damping of Modes 7 and 8 as a

Function of the PLL BW and the Active Current

Injected into the Grid

In this appendix, the points used for creating figure Fig. 5.8 are shown. These points were

obtained from the proposed model (112) for short circuit ratios shown in Table 5.3 and

the PLL designs depicted in Table 5.2. These tables show damping of modes 7 and 8 of

the proposed small signal model as a function of the PLL bandwidth and the active current

injected into the grid.

Short Circuit Ratio: 2.5942
PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW
10.27Hz | 20.33Hz | 30.89Hz | 40.72Hz | 51.51Hz | 61.69Hz | 72.13Hz | 82.38Hz 92.33Hz | 102.64Hz
Iig=3A | 58E-01| 5506-01 | 5.10E-01 | 4.74E-01 | 4.266-01 | 3.82€-01 | 3.38E-01 | 3.00E-01 2.67E-01 |  2.38E-01
I{g = 6A | 580601 | 5456-01 | 4.99E-01 | 455601 | 3.966-01 | 3.40E-01 | 2.856-01 | 2.38E-01 1.97E-01 | 1.60E-01
Iig =9A | 57801 | 5.396-01 | 4.88E-01 | 4.36E-01 | 3.63E-01 | 2.94E-01 | 2.276-01 | 1.70E-01 1.21E-01 |  7.72E-02
Iig =12A | 577601 | 5.356-01 | 4.76E-01 | 4.156-01 | 3.26E-01 | 2.42E-01 | 1.63E-01 | 9.67E-02 4.136-02 | -9.00E-03
Iig = 15A | 575601 | 5.306-01 | 4.65E-01 | 3.94E-01 | 2.86E-01 | 1.856-01 | 9.43E-02 | 1.93E-02 -4.26E-02 | -9.85E-02
Iig = 18A | 574E01 | 5.266-01 | 455601 | 3.736-01 | 2.41E-01 | 1.23€-01 | 2.026-02 | -6.27E-02 -1.31E-01 | -1.92E-01
Short Circuit Ratio: 2.1652
PLLBW | PLLBW | PLLBW [ PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW [ PLLBW
10.27Hz | 20.33Hz | 30.89Hz | 40.72Hz | 51.51Hz | 61.69Hz | 72.13Hz | 82.38Hz 92.33Hz | 102.64Hz
Iig =3A | 512601 | 4.74E-01 | 4.28E-01 | 3.84E-01 | 3.31E-01 | 2.856-01 | 2.43E-01 | 2.09E-01 1.82E-01 | 1.59E-01
I{g = 6A | 510601 | 4.686-01 | 4.14E-01 | 3.60E-01 | 2.92E-01 | 2.336-01 | 1.80E-01 | 1.36E-01 1.01E-01 |  6.99E-02
Iig =9A | 508601 | 4.626-01 | 3.99E-01 | 3.34E-01 | 2.48E-01 | 1.74E-01 | 1.10E-01 | 5.71E-02 1.40E-02 | -2.47E-02
Iig =12A | 506601 | 4.576-01 | 3.856-01 | 3.06E-01 | 1.996-01 | 1.10E-01 | 3.336-02 | -2.83E-02 -7.88E-02 | -1.24E-01
Iig = 15A | 505601 | 4.536-01 | 3.726-01 | 2.76E-01 | 1.43E-01 | 3.76E-02 | -5.01E-02 | -1.20E-01 -1.78E-01 | -2.30E-01
I{; = 18A | 504601 | 4.50E-01 | 3.60E-01 | 2.44E-01 | 8.056-02 | -4.26E-02 | -1.42E-01 | -2.20E-01 -2.85E-01 | -3.43E-01
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Short Circuit Ratio: 1.8577

PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLL BW PLL BW
10.27Hz | 20.33Hz | 30.89Hz | 40.72Hz | 51.51Hz | 61.69Hz | 72.13Hz | 82.38Hz 92.33Hz | 102.64Hz
I7, =3A 4.59E-01 | 4.16E-01 | 3.63E-01 | 3.14E-01 | 2.57E-01 | 2.10E-01 | 1.71E-01 | 1.41E-01 1.19E-01 1.01E-01
I{; = 6A 457E-01 | 4.09E-01 | 3.45E-01 | 2.83E-01 | 2.09E-01 | 1.49E-01 | 9.86E-02 | 5.92E-02 2.84E-02 1.63E-03
14 =94 4.55E-01 | 4.02E-01 | 3.27E-01 | 2.48E-01 | 1.54E-01 | 7.94E-02 | 1.77E-02 | -3.10E-02 -7.02E-02 | -1.05E-01
Iig =12A | 4536-01 | 3.976-01 | 3.096-01 | 2.11E-01 | 9.17E-02 | 1.60E-03 | -7.16E-02 | -1.30E-01 -1.77€-01 | -2.19E-01
I{; = 15A | 453601 | 3.936-01 | 2.936-01 | 1.68E-01 | 2.03E-02 | -8.60E-02 | -1.71E-01 | -2.38E-01 -2.94E-01 | -3.44E-01
Ii4 =18A | 4536-01 | 3.936-01 | 2.81E-01 | 1.20£-01 | -6.32E-02 | -1.87E-01 | -2.85E-01 | -3.62E-01 -4.25E-01 | -4.83E-01
Short Circuit Ratio: 1.6265
PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLL BW PLL BW
10.27Hz | 20.33Hz | 30.89Hz | 40.72Hz | 51.51Hz | 61.69Hz | 72.13Hz | 82.38Hz 92.33Hz | 102.64Hz
I{, =3A 4.16E-01 | 3.67E-01 | 3.08E-01 | 2.53E-01 | 1.94E-01 | 1.49E-01 | 1.13E-01 | 8.68E-02 6.82E-02 5.45E-02
I{; = 6A 4.13E-01 | 3.58E-01 | 2.85E-01 | 2.14E-01 | 1.37E-01 | 7.80E-02 | 3.09E-02 | -4.82E-03 -3.22E-02 | -5.55E-02
i, =94 4.11E-01 | 3.51E-01 | 2.63E-01 | 1.70E-01 | 7.08E-02 | -2.60E-03 | -6.12E-02 | -1.07E-01 -1.43E-01 | -1.76E-01
I{; =12A | 411E-01 | 3.46E-01 | 2.40E-01 | 1.20E-01 | -5.12E-03 | -9.41E-02 | -1.65E-01 | -2.21E-01 -2.66E-01 | -3.07E-01
I{4 = 15A | 411601 | 3.456-01 | 2.20E-01 | 6.19E-02 | -9.44E-02 | -2.00E-01 | -2.84E-01 | -3.50E-01 -4.05E-01 | -4.54E-01
Ii4 = 18A | 414E-01 | 3.506-01 | 2.10E-01 | -1.17E-02 | -2.05E-01 | -3.30E-01 | -4.29E-01 | -5.08E-01 -5.72E-01 | -6.31E-01
Short Circuit Ratio: 1.4463
PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLLBW | PLL BW PLL BW
10.27Hz | 20.33Hz | 30.89Hz | 40.72Hz | 51.51Hz | 61.69Hz | 72.13Hz | 82.38Hz 92.33Hz | 102.64Hz
I{4=3A | 377601 | 3.236-01 | 2.576-01 | 1.97E-01 | 1.386-01 | 9.52E-02 | 6.25E-02 | 3.98E-02 2.47E-02 1.45E-02
I{4 = 6A | 375601 | 3.13E-01 | 2.296-01 | 1.50E-01 | 7.10E-02 | 1.44E-02 | -2.96E-02 | -6.226-02 | -8.68E-02 | -1.07E-01
{4 =9A | 373601 | 3.056-01 | 2.00E-01 | 9.50E-02 | -6.74E-03 | -7.83E-02 | -1.34E-01 | -1.78E-01 | -2.12E-01 | -2.43E-01
I{4 =12A | 373601 | 3.00E-01 | 1.716-01 | 3.04E-02 | -9.826-02 | -1.86E-01 | -2.556-01 | -3.10E-01 | -3.54E-01 | -3.94E-01
I{4 = 15A | 3.76E-01 | 3.04E-01 | 1.46E-01 | -5.00E-02 | -2.11E-01 | -3.17E-01 | -4.01€-01 | -4.686-01 | -5.24E-01 | -5.74E-01
Ii4 = 18A | 382601 | 3.236-01 | 1.40E-01 | -1.65E-01 | -3.66E-01 | -4.96E-01 | -5.99E-01 | -6.836-01 | -7.52E-01 | -8.16E-01
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