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ABSTRACT 

The decentralization of electricity generation has initiated a paradigm shift in the power sector. 

Decentralized generation, in the form of solar photovoltaics (SPVs), wind energy conversion 

systems (WECSs), etc., when aggregated with local loads, forms a self-sufficient entity, commonly 

termed a microgrid. Hybrid AC/DC microgrids are rapidly evolving into the preferred microgrid 

architecture due their minimized power converter redundancy when interfacing the DC-based 

generation sources or loads. The doubly-fed induction generator (DFIG) shares a large portion of 

current market share among various variable speed WECSs. This is primarily due to its permanent 

magnet-free constructional benefits and reduced rating generator-side power converter. When 

integrated along with the SPV array-based solar energy conversion system (SECS), it provides an 

effective means of meeting the load power requirement. The DFIG-SPV based AC/DC microgrids 

may either operate as a grid-integrated entity that enables the import or export of the net power 

with the utility grid or operate as a standalone system, wherein, the deficit/excess generated power 

is exchanged with an energy storage system. 

This work initially deals with the operation and control of DFIG-SPV based standalone AC/DC 

microgrid. The preliminary requirement of the standalone system is the effective amplitude and 

frequency regulations. Moreover, power quality aspects of the standalone voltages and currents 

amidst the presence of unbalanced and nonlinear AC loads cannot be undermined. This becomes 

increasingly prominent in case of DFIG-SPV based AC/DC microgrids due to the direct inter-

connection of DFIG stator terminals with these abnormal AC loads. Any unregulated operation in 

such circumstances results in unsymmetrical and harmonics currents in the DFIG. Another major 

concern in the standalone DFIG-SPV based microgrids pertains to the availability and connection 

status of the DFIG-based WECS. The disconnection/reconnections instants of the DFIG is required 

to be smooth, while, the standalone AC as well as DC loads are required to be fed uninterruptedly. 

In case of grid-integrated DFIG-SPV based AC/DC microgrids, three major issues are dealt in this 

thesis. The first issue relates to the uncertainty in the grid, especially in AC/DC microgrids located 

in rural and remote areas. Although many of the rural areas are declared electrified, the grid 

continuity in such regions is still a major concern. The need for ensuring a seamless transition 

between grid-integrated and system islanding operating modes is quite apparent. Furthermore, the 
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uninterrupted operation of the system during these transitions is also a necessity. The second issue 

relates to the vulnerability of the grid to sudden power changes in the system. The large ramp-rate 

power changes in the system may impact the grid voltage amplitude and frequency, especially in 

the remote and secluded regions, where, the grid-interconnection is through long and weak 

distribution feeders. Grid-assistive power smoothening approaches need to be supplemented 

within the microgrid control to minimize the risk of grid instability. The third issue that is 

addressed, relates to the operation of the DFIG-SPV system amidst the presence of unbalance and 

distortions in the grid voltages. The non-idealities in the voltages culminate into oscillations in the 

DFIG torque, DFIG stator power, and injected grid power. Meanwhile, it degrades the power 

quality of DFIG rotor currents, DFIG stator currents, and injected grid currents. Both control-

related and topology-related approaches are required to ensure enhanced operation of the system 

with the non-ideal grid voltage scenario. 

After effectively mitigating the three major issues in the grid-integrated operation of the DFIG-

SPV system, this thesis deals with the self-sustainability aspect of the microgrid during prolonged 

grid outage scenarios. Normally, the energy storage integrated to the microgrid provides sufficient 

back-up during islanding conditions. However, the energy storage cannot be designed to sustain 

prolonged periods of grid-outage. Therefore, to maintain the self-sufficiency of the system, the 

framework for operation of a dispatchable diesel generator system working alongside the WECS 

and SECS is required. The uninterrupted operation and seamless mode transition are also 

inculcated in this thesis through the control scheme of diesel generator (DG)-equipped microgrid. 

Upon devising the methodology for control and operation of DFIG-SPV-DG based AC/DC 

microgrid, the focus of the research work shift towards devising generalized methodologies with 

uninterrupted feature and seamless mode transition for systems with multiple DFIGs and multiple 

SPV arrays integrated within a well-structured AC/DC microgrid architecture with separate AC 

and DC subgrids. Initially, control and operation of standalone multiple-source AC/DC microgrids 

are investigated, which are followed by implementation of grid-integrated multiple-source AC/DC 

microgrids. 

The performance of all the microgrids are examined through simulation and experimental analyses. 

The obtained results showcase satisfactory control performance for all the features in the AC/DC 

microgrids comprising of DFIG-based wind energy conversion and solar photovoltaic generation. 
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PLL Phase Locked Loop 

PMS Power Management Scheme 

PMSG Permanent Magnet Synchronous Generator  

P&O Perturb and Observe 

PQ Power Quality 

PQA Power Quality Analyzer 

PR Proportional Resonant 

PRR Power Ramp Rate 

PSF Power Signal Feedback 

PWM Pulse Width Modulation 

RES Renewable Energy Source 

RLMAT Robust Least Mean Absolute Third 

RMS Root Mean Square 

RRL Ramp Rate Limit 

RSC Rotor-side Converter 

SCIG Squirrel Cage Induction Generator 

SCIM Squirrel Cage Induction Motor 

SCR Silicon Controlled Rectifier 

SECS Solar Energy Conversion System 

SG Synchronous Generator 

SSC Stator-side Converter 

SPV Solar Photovoltaic 

SSSTS Stator-side Solid State Transition Switch 

THD Total Harmonic Distortion 

ToUEP Time of Use Electricity Price 

TP Transition Phase 

UPF Unity Power Factor 
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VSC Voltage Source Converter 

VZA-LMS Versoria Zero-Attraction Least Mean Square 

WECS Wind Energy Conversion System 

WRIG Wound Rotor Induction Generator 

WRSG Wound Rotor Synchronous Generator 

WT Wind Turbine 
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LIST OF SYMBOLS 

 Pitch angle of wind turbine blade (rad.) 

 Air density 

Br Blade radius of wind turbine (m) 

Cbkc BKC capacitor (F) 

Cdc DC-link capacitor (F) 

Cf Ripple filter capacitor (F) 

Cp Coefficient of power from wind turbine 

Cpmax Maximum coefficient of power from wind turbine 

Cpv Capacitor connected across SPV array (F) 

Ct Coefficient of torque from wind turbine 

 Percentage of Voltage Ripple across Two DC Link Capacitors (V) 

Dbkc Diode of BKC 

Dbtc Diode of BTC 

Dpv Protection diode of SPV array  

Dsgnl DG-side signal to determine necessity for connection of DG-set 

D0, D1 Disconnected and connected state of DSSTS 

rpBDC Ripple content in inductor current of BDC (A) 

rpBKC Ripple content in inductor current of BKC (A) 

rpBTC Ripple content in inductor current of BTC (A) 

rpSSC Ripple content in inductor current of SSC (A) 

pv Change in SPV array current after one sample instant (A) 

pv Change in SPV array voltage after one sample instant (V) 

 Fixed step increment/decrement in SPV array voltage for MPPT algorithm (V) 

e Error signal for adaptive filtering techniques 

dc Error between reference and sensed DC-link voltages (V) 

 Error between reference and sensed DFIG rotor speeds (rad./s) 

 Error between stator fluxes for MRAS algorithm (Wb) 

vdc Error between reference and sensed LVDC voltages (V) 

vs Error between reference and sensed DFIG stator voltages (V) 

f Rated frequency of system (Hz) 

fd Frequency of DG-set voltage (Hz) 

fg Frequency of grid voltage (Hz) 

fl Frequency of PCI-1 voltage (Hz) 

fL Frequency of PCI-2 voltage (Hz) 

fs Frequency of DFIG stator voltage (Hz) 
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fth Frequency error tolerance in voltage as per IEEE 1547 (Hz) 

fswBDC Switching frequency of BDC (Hz) 

fswBKC Switching frequency of BKC (Hz) 

fswBTC Switching frequency of BTC (Hz) 

fswSSC Switching frequency of SSC (Hz) 

Gr Gearbox ratio of wind turbine 

Gsgnl Grid-side signal to determine availability of utility grid 

G0, G1 Disconnected and connected state of GSSTS 

Gpv Solar irradiation incident at SPV array (W/m2) 

hdc Overload factor for DC-link capacitance 

hSSC Overload factor for LiS design 

LiB Interfacing inductance for BSC (H) 

LiG Interfacing inductance for GSC (H) 

LiI Interfacing inductance for ILC (H) 

LiS Interfacing inductance for SSC (H) 

Lbdc Inductance for BDC (H) 

Lbevc Inductance for BEVC (H) 

Lbkc Inductance for BKC (H) 

Lbtc Inductance for BTC (H) 

Qg Grid reactive power (VAR) 

Ql PCI-1 side AC load reactive power (VAR) 

QL PCI-2 side AC load reactive power (VAR) 

Qr DFIG rotor reactive power (VAR) 

Qs DFIG stator reactive power (VAR) 

Ib BES current (A) 

ibsc BSC current (A) 

ic PCI-1 side shunt current (A) 

iC PCI-2 side shunt current (A) 

id DG-set current (A) 

Iev EV load current (A) 

ig Grid current (A) 

iilc Interlinking converter current (A) 

il PCI-1 side AC load current (A) 

iL PCI-2 side AC load current (A) 

Imp_array MPP current of SPV array at standard test conditions (A) 

Imp_panel MPP current of SPV panel at standard test conditions (A) 

Iolv LVDC load current (A) 
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Iomv MVDC load current (A) 

Ipv SPV array current (A) 

ir DFIG rotor current (A) 

is DFIG stator current (A) 

Isc_array Short circuit current rating of SPV array at standard test conditions (A) 

Isc_panel Short circuit current rating of SPV panel at standard test conditions (A) 

IswRSC Current rating of IGBT switches in RSC (A) 

IswSSC Current rating of IGBT switches in SSC (A) 

iw Current injected by each WECS in multiple-source AC/DC microgrid 

k Represents signal at the present sample instant 

kdc Measure of energy variation in DC-link capacitor during dynamics 

ki Integral gain for PI regulator 

kp Proportional gain for PI/PR regulator 

kr Resonant gain for PR regulator 

kVARSC kVA rating of RSC 

kVASSC kVA rating of SSC 

Lbdc BDC inductor (H) 

Lbkc BKC inductor (H) 

Lbtc BTC inductor (H) 

LiG GSC interfacing inductor (H) 

LiS SSC interfacing inductor (H) 

Lm DFIG magnetizing inductance (H) 

Lr DFIG rotor inductance (H) 

Ls DFIG stator inductance (H) 

L  DFIG rotor leakage inductance (H) 

L  DFIG stator leakage inductance (H) 

 Tip speed ratio of wind turbine 

i Intermediate tip speed signal in wind turbine modelling 

o Optimal tip speed ratio of wind turbine 

m Amplitude modulation index of VSC 

 Constants used in adaptive filtering techniques 

nparallel Number of parallel connected SPV strings in an SPV array 

Nrt/st DFIG rotor to stator turns ratio 

nseries Number of series connected SPV panels in an SPV string 

t Rotational speed of wind turbine (rad./s) 

m Rotational speed of DFIG mech. (rad./s) 

mmax Maximum rotational speed of DFIG mech. (rad./s) 
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s Synchronous speed of DFIG mech. (rad./s) 

e Reference angular seed corresponding to rated frequency (rad./s) 

m Rotational speed of DFIG elec. (rad./s) 

PR Bandwidth for PR regulator (rad./s) 

p DFIG pole pairs 

Pb BES power (W) 

Pg Grid active power (W) 

Pl PCI-1 side AC load active power (W) 

PL PCI-2 side AC load active power (W) 

Pm Power from wind turbine (W) 

Pmmax Rated power from wind turbine (W) 

Ppv SPV array power (W) 

Pr DFIG rotor active power (W) 

Ps DFIG stator active power (W) 

PSSC SSC active power (W) 

Pw Power injected by each WECS in multiple-source AC/DC microgrid 

Rf Ripple filter re  

Rr  

Rs  

s Laplace operator 

S0, S1 Disconnected and connected state of SSSTS 

Sbkc IGBT switch of BKC 

Sbtc IGBT switch of BTC 

Sbk, Sbt IGBT switches of BDC 

s Stator flux (Wb) 

sl DFIG operating slip 

Ssgnl DFIG stator-side signal to determine generation possibility from WECS 

Sw1  Sw6 IGBT switches of RSC 

Sw7  Sw12 IGBT switches of SSC 

Sw13  Sw18 IGBT switches of GSC 

tdc Recovery time for DC-link capacitor to regain steady-state (s) 

Tm Torque from wind turbine (Nm) 

TPR Transfer function for PR regulator 

Tpv Temperature incident at SPV array (0C) 

d Phase angle of DG-set voltage (rad.) 

e Reference phase angle corresponding to rated frequency (rad.) 

ed Error in phase angles of PCI-2 voltages and DG-set voltages (rad.) 
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eg Error in phase angles of PCI-1/2 voltages and grid voltages (rad.) 

es Error in phase angles of PCI-1 voltages and DFIG stator voltages (rad.) 

g Phase angle of grid voltage (rad.) 

l Phase angle of PCI-1 voltage (rad.) 

m DFIG rotor position electrical (rad.) 

m_mech DFIG rotor position mechanical (rad.) 

r DFIG slip angle (rad.) 

s Phase angle of DFIG stator flux (rad.) 

st Phase angle of DFIG stator voltage (rad.) 

th Phase angle error tolerance in voltage as per IEEE 1547 (rad.) 

u Unit sinusoid 

Vb BES voltage (V) 

vd DG-set voltage (V) 

Vdc DC-link voltage (V) 

VdcB DC-link voltage across BSC (V) 

Vdcq DC-link voltage across qth-DFIG in multiple-source AC/DC microgrid (V) 

Vdpk Amplitude of DG-set voltage (V) 

Ved Error in amplitudes of PCI-2 voltages and DG-set voltages (V) 

Veg Error in amplitudes of PCI-1/2 voltages and grid voltages (V) 

Ves Error in amplitudes of PCI-1 voltages and DFIG stator voltages (V) 

vg Grid voltage (V) 

Vgpk Amplitude of grid voltage (V) 

vl PCI-1 voltage (V) 

vL PCI-2 voltage (V) 

Vlpk Amplitude of PCI-1 voltage (V) 

VLpk Amplitude of PCI-2 voltage (V) 

Vmp_array MPP voltage of SPV array at standard test conditions (V) 

Vmp_panel MPP voltage of SPV panel at standard test conditions (V) 

Voc_array Open circuit voltage rating of SPV array at standard test conditions (V) 

Voc_panel Open circuit voltage rating of SPV panel at standard test conditions (V) 

Volv LVDC bus voltage (V) 

Vpk Amplitude of AC voltage (V) 

Vpv SPV array voltage (V) 

Vref SPV array reference voltage for MPPT (V) 

vs DFIG stator voltage (V) 

Vspk Amplitude of DFIG stator voltage (V) 

VswRSC Voltage rating of IGBT switches in RSC (V) 
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VswSSC Voltage rating of IGBT switches in SSC (V) 

Vth Amplitude error tolerance in voltage as per IEEE 1547 (V) 

vw Sensed voltages across WECSs in multiple-source AC/DC microgrids (V) 

Vw Wind speed (m/s) 

Vwmax Rated wind speed (m/s) 

VFdc Variation factor in DC-link capacitor 

 Weight component (A) 

Xm  

  

Subscripts  

abc Three phase entities 

 Stationary reference frame coordinates 

dq Synchronous reference frame coordinates 

DQ Rotor reference frame coordinates 

q Different units of DFIGs in multiple-source AC/DC microgrids 

t Different units of SPV arrays in multiple-source AC/DC microgrids 

1+, 5  
Positive sequence fundamental frequency component, negative sequence fifth 
harmonic frequency component, etc. 

  

Superscripts  

* Reference entities 

1+, 5  Signal referred to reference frame rotating with + syn speed, 5 syn speed, etc. 

 


