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ABSTRACT

This work deals with control and implementation of various microgrid configurations based on
wind turbine driven DFIG (Doubly Fed Induction Generator) and solar PV (Photovoltaic) array
to power the connected loads with enhanced power quality. It presents standalone DFIG based
WPGS (Wind Power Generation System) with a new single input variable fuzzy logic
controller (FLC). FLC is applied to both controls of rotor side converter (RSC) and load side
converter (LSC) of DFIG to achieve acceptable performance in terms of wind peak power
extraction and to regulate voltage and frequency at point of common coupling (PCC)
irrespective of wind speeds and load change. Moreover, a battery energy storage (BES) is used
at common DC link of RSC and LSC to support wind MPPT (Maximum Power Point Tracking)
operation. In addition, the grid-interfaced wind turbine coupled DFIG without BES is
investigated for feeding the wind power to the utility grid. Various controls such as adaptive
RSC control along with GSC (Grid Side Converter) control, a dual layer least mean fourth (DL-
LMPF) based control scheme with reduced sensors, and an optimal RSC control, are presented.
These controls are developed to achieve wind power extraction, and to regulate the DC link
voltage along with power quality aspects such as harmonics elimination, unbalanced load
balancing and reactive power compensation. Moreover, an optimal RSC control is proposed to
achieve minimal losses in the wind driven DFIG system so that enhanced power is fed to the
utility grid. This is done through sharing of reactive power of DFIG between RSC and GSC
optimally. Moreover, this work presents grid-interfaced wind turbine driven DFIG with a BES,
for which, a novel PLL based control is used to achieve regulated power flow through the grid
irrespective of variable winds. Performance of PLL based control is analyzed at grid voltages
with DC offset. This microgrid based on wind turbine driven DFIG and solar PV array with

seamless transition between islanding and grid connected modes and vice versa, is presented.



Seamless transition controls are presented for both RSC and GSC of DFIG to achieve smooth
transfer between standalone and grid connected modes. This work presents synchronizing
control of wind turbine driven DFIG system with DG (Diesel Generator) set in an isolated
microgrid (MG) involving the solar PV array and BES. Modified controls are presented for
GSC to achieve minimal fuel operation of DG even at varying loads. Further, grid-interactive
wind-solar-DG based MG with BES, is analyzed for enhancing the reliability of power supply.
Modified controls are presented for smooth connection of grid/DG. Moreover, various
proposed wind turbine driven DFIG and solar PV array based microgrid topologies and their
control algorithms, are simulated and verified experimentally at different scenarios such as

variable wind speeds, change in connected loads, both in on/off grid/DG modes.

Vi



g ®TY UaH a3 T1feId DFIG (S0 B 38R oiiex) 3R IR didt (wiciaifeed)
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vii
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Current signal sensing and conditioning circuitry (g) Picture of PCB for
current signal sensing and conditioning.

Performance of DFIG based WPGS with BES at constant wind speed of (a) 8
m/s (subsynchronous speed of DFIG): Vsanc, isabc, irabe, @r, Ps, Pisc, Pb, Vi, fs
(b) 9.23 m/s (DFIG’s synchronous speed): Vsanc, isabc, irabc, @r, Ps, PLsc, Pb, V4,
fs.

Performance of the DFIG based WPGS with BES at constant wind speed of
(@) 10 m/s (supersynchronous speed of DFIG): Vsanc, isabc, irabe, @r, Ps, Pisc, Pb,
Vi, fs (b) 12 m/s (DFIG’s supersynchronous speed): Vsabe, Isabe, irabe, @r, Ps,
Pisc, Po, Vi, fs.

DFIG based WPGS dynamic performance with BES for wide span of wind
speed variation (a) Vw, er, Cp, A", Vsa, isa, irabc (D) @r, Ps, Pisc, P, V4, fs.

Dynamic response of the system for nonlinear unbalancing load : Vsanc, iLabc,
isabc, irabc, Ps, PL, Pb, Vt, fs-

System steady state experimental waveforms with nonlinear load (a-c) voltage
and current waveforms of stator, load and LSC (d-f) stator power, load power,
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LSC power (g-i) harmonic spectra of load, stator and LSC current (j) harmonic
spectra of PCC voltage.

System’s experimental waveforms of a (a) Vsa,, Isa, ira and fs at steady state (b)
Vsa, Isa, ILa @Nd i sca With steady state nonlinear load (c) response of Vsa, isa, iLa
and isca at nonlinear load (d) response during varying wind speed: Vw, wr, ira
and isa (e) dynamic rotor currents response of when speed changes from sub-
synchronous to super-synchronous speed: ira, irp and irc (f) variation of power
at varying wind speed: Vw, Ps, PL and Pisc.

System experimental performance for wide span of wind speed variation (a)
Vw, or, Ps, ira (b) at increase in wind speed: wr, Vsa, isa, ira (C) at fall in wind
speed: wr, Vsa, Isa, ira (d) Vw, @r, Vi, s (€) wr, ira, Vi, fs () Vw, Ps, ira, Pb.

Schematic of grid-interfaced wind turbine coupled DFIG.
Adaptive RSC control.
GSC control.

(@) Reduced sensor based RSC control algorithm, (b) DL-LMF based GSC
control algorithm.

(a-g) Variation of stator windings copper loss (Ws), rotor windings copper loss
(Wy) and total loss (Wr) of DFIG with respect to pu Qr at Vi of (a) 12 m/s (b)
11 m/s (c) 10 m/s (d) 9 m/s (e) 8 m/s (f) 7 m/s (g) 6.5 m/s; (h) variation of
stator apparent power (kVApric) against wind speed; (i) variation of total
minimum loss (Wrmin) against wind speed.

(a-c) Variation of losses against wind speeds at different reactive power
sharing (a) rotor windings copper loss Vs wind speed (b) stator windings
copper loss Vs wind speed (c) total loss Vs wind speed.

Optimal rotor side converter control.

Picture of MATLAB/Simulink based modelling of grid-interfaced wind
turbine coupled DFIG.

Experimental prototype of grid-interfaced wind turbine coupled DFIG.

(a-b) System performance at variable wind speeds: (a) Vw, irabc, isa, iga, ird, irg
and Cp (b) »™r, wr, 4, Ps, Pg, Pc and Vg, () System performance at unbalanced
nonlinear load: vs, iLa, lac, ig, is, PL, Pg and Vpc.

System UPF operation: vs, is, Ig, Qs, iLa and iac.

(a-c) Steady state response of system: () Vsa, isa, Qs and iga (b) Vsa, O, isa and
Ira (C) Vsa, ILa, iga and iac.

(a-d) System response under wide varying wind speed (2) Vw, ird, irgand ira (b)
Vw, ira, isa @and iga () wr, Ps, Pg and ira (d) Vw, Vbc, wr and ira; (e-f) System
response at sudden change in connected load: (e-f) ia, PL, Vboc and isa.

(a-b) System performance at constant wind speed: (a) Vw, Vsa, isa, iga, i rp and
i’rq (D) iLa, €La, €La, isa, €sa, €32, Ve, | ga and iga (c-d) System performance at
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4.25
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variable wind speeds: (¢) Vw, Cp, 4, Ps, Pasc, Pc and Ve (d) wr, Vsa, isa, ',
i'rQ, i rabc @nd iga (e-f) System performance at unbalanced nonlinear load: (e)
VS| iLa, iLb; iLC; iS; |g and iCay ibe iCC (f) PL; PG’ PS; PGSC; VdC; eLb| €sh and WiT.

Current harmonic spectra of (a) load (b) stator (c) grid.

Experimental results (a-e) System steady state response: () Vsa, isa, i rp and
i'rQ (b) Vsa, iga, i’raand Pg (C) Vsa, lsa, Qs and 6r (d) iLa, BLa, e3La and WiLa (E) isa,
€sa, €552 and Wisa (f-g) System response during sudden change in load: iLa, Ps,
Ps, Vac and PL (h-I) System response at variable wind speeds: (h) Vw, wr, iga
and Pc (i) Vw, Vsa, isa and iga (j-K) Vsa, isa, 2 ro @and i rq (I) Vw, @r, Vac and i 'ra.

System performance at wind speeds corresponding to below synchronous
speed region of DFIG: wind speed (Vw), rotor currents (iranc), DC link voltage
(Vac), tip speed ratio (1), rotor power coefficient (Cp), stator reactive power
(Qs), GSC reactive power (Qgsc) and stator power (Ps).

System performance at wind speeds corresponding to below-to-above
synchronous speed regions of DFIG: wind speed (Vw), rotor currents (iranc),
grid currents (iganc), tip speed ratio (1), rotor power coefficient (Cp), stator
reactive power (Qs), GSC reactive power (Qgsc) and stator power (Ps).

System performance at sudden disconnection of reactive load: stator voltages
(Vsanc), load currents (iLanc), GSC currents (igsc), Stator currents (isanc), grid
currents (iganc), stator and grid reactive powers (Qs, Qg), load reactive power
(Qu) and GSC reactive power (Qgsc).

Optimum reactive power distribution between RSC and GSC at below
synchronous speeds: wind speed (Vw), rotor current (ira), GSC reactive power
(Qgsc) and stator reactive power (Qs).

(a-b) Optimum reactive power distribution between RSC and GSC at
subsynchronous to supersynchronous speeds: wind speed (Vw), rotor current
(ira), GSC reactive power (Qgsc), and stator reactive power (Qs).

(a-b) system performance at wide varying wind speed: (a) rotor speed (wr),
rotor current (ira), Stator current (isa), and DC link voltage (Vac) (b) wind speed
(Vw), grid current (iga), Stator power (Ps), rotor current (ira).

(a-b) System response at change in load: (a) stator voltages (Vsa, Vsb and Vsc),
and a-phase load current (ira) (b) Vsa, iLa, iLb, and iic.

Comparison of exported power to the grid with and without optimal RSC
control.

Comparison of total power losses of RSC and GSC.

Utility grid-interfaced wind driven DFIG.

RSC and GSC control algorithms for a grid-interactive DFIG based WECS.
Computation of state of charge (SOC) of BES.

Phase-locked loop (PLL).
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Pulse generation using HBCC.

Flow-chart of energy management scheme of system during exporting and
importing.

Picture of MATLAB/Simulink based modelling of grid-interactive DFIG
based WECS with BES.

Experimental prototype of grid-interactive DFIG based WECS with BES.

(a-b) System performance with wide varying wind speed and considering
turbulence (a) Vw, @r, Cp, 4, Pw, Pc and Py (b) Vi, Vsa, isa, irabc @and iga (C) System
performance for sudden rise and fall in wind speed : Vi, Cp, 4, Pw, Pg, Py and

Irabc.

(a-b) System performance at unbalanced nonlinear load (a) Vs, iLa, iLb, iLc, s,
Ig, Ica, Ico @nd icc (b) Ps, Pr, Pw, Pg, PLand Py;(c) System performance at change
in grid reference power: Pg, Py, Ps, Pr, Pw and iga.

(a-c) Effectiveness of the presented PLL over SOGI-PLL in the presence of
DC offset (a) Presented PLL performance (b) SOGI-PLL performance (c)
comparative performance.

(a-c) Effectiveness of the presented control scheme over conventional control
(a) conventional control performance (b) presented control with wind MPPT
deviation in RSC control (c) presented control for GSC with I”qq calculation.

(a-g) System performance at variable wind speed (a) Vw, Ps, ira and Py (b) Vi,
Pw, PL and P¢ (C) wr, Isa, ira and iga (d) Vw, Nr, ira and Ps (e) Vw, Ps, Pc and Py
() Vsa, isa, iga @nd ira () Vw, @r, Ps and Pg; (h) Unity power factor operation of
DFIG: Vsa, isa, iga and ira.

Dynamic performance of system (a) Change in export grid reference power:
Pw, P, Pc and P¢ (b) Change in import grid reference power: Py, P., Pc and
Pc (c) During transition of reference grid power from exporting to importing:
Pcret, Pg, Ps and P¢ (d) BES response during change in export grid reference
power: Vi, Ps, Pc and Py.

System performance during change in load (a) Vw, Pw, Pr and P¢ (b-C) Vsa, iLa,
iga and ica (d) isa, iLa, ira @nd PL.

Steady state test results at nonlinear load (a-c) voltage-current of grid, GSC
and load (d-e) GSC and load power (f-h) current harmonic spectra of load,
grid and GSC (i) PCC voltage harmonic spectrum.

WT driven DFIG-solar PV array based microgrid with seamless transition
capability.

Seamless transition control strategy for RSC.
Modified TSR-based wind MPPT control.

Control for detection of grid failure/restoration and generation of
synchronizing signal for STS.
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Generation of transformation angle for seamless operation.
Control strategy for LSC with seamless operation.

Picture of MATLAB/Simulink based modelling of WT driven DFIG-solar PV
array based microgrid with seamless transition between islanding and grid
connected modes.

Experimental prototype of WT driven DFIG-solar PV array based microgrid
with seamless transition between islanding and grid connected modes.

System response during synchronization to the grid at constant wind speed
and constant PV insolation: (a-b) vga, VLa, 6c, fce, Xa, Yo, iga and Vi (C) Ps, Pr,
PpVy PG; PL; Pb1 QG1 QL and QC-

System response during seamless transition between islanding and grid
connected modes at varying wind speeds: Vw, wgr, @rf, Ps, Ppv, Pg, Pb, PL, Cp
and /.

System voltages and currents during seamless operation and at variable wind
speeds: (a-C) isabc, Igabe, irabc, iLabe, icabe, Pr, VrL.

System response at variable PV insolation with seamless transition: G, Ppy,
IpVy VpV; Vb; PS1 PG- Pb; VrL-

System performance at sudden change in connected load during grid
connected mode: Viane, iLa, Ica, Isabc, Igabc @Nd itanc.

Response of modified wind-MPPT at below MPPT wind speeds.

(a-d) Microgrid performance at standalone mode with variable wind speeds
(@) Ps, ira, isa and PL (b) Vw, ira, fs and Vi (€) wr, Qs, Via and ira (d) Vw, ira, Ps
and Py (e) Microgrid performance at varying winds and solar PV insolation:
(e) ira, Ps, Ppv and Py.

(a-f) Microgrid performance during incoming/outage of grid (a-b) ira, iga, 6
and QL (C) r, Ib, iga and erele (d) XG, YG, iga and iLa (E) Vga, VLa, iLa and ira (f) VLa,
isa, Vga and YG.

(a-c) Microgrid performance at varying solar PV insolation (a) lpv, Ppv, Vpv and
Ve (b) Ppy, Ipv, Ib and Pg (c) MPPT performance of solar PV at 1000 W/m?
insolation.

(a-b) Microgrid performance at change in connected load: (a-b) Py, isa, iLa and
Vi

(a-c) Output voltage comparison (a) Without solar PV array (b-c) With solar
PV array.

(a-j) Steady state performance of microgrid: (a) stator power (b) grid power
(c) battery voltage and current (d) battery power (e) solar PV power (f) load
power; (g-j) THD spectrum: (g) load current (h) stator voltage (i) stator current
(j) grid current.
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Isolated microgrid with WT driven DFIG, and solar-diesel-battery energy
storage system.

Synchronizing control of RSC with additional frequency loop.
LSC control with DG regulation.

Picture of MATLAB/Simulink based modelling of wind turbine driven DFIG
system with DG in remote area involving solar PV-BES with synchronization.

Experimental prototype of wind turbine driven DFIG system with DG in
remote area involving solar PV-BES with synchronization.

System performance during voltage buildup at DFIG stator.

System performance during synchronization of DG to DFIG-solar-BES based
isolated microgrid.

System performance at variable wind speeds.
System performance at varying solar PV insolation.

(a-b) System performance at unbalanced connected load with optimal fuel
operation of DG.

(a-e) Isolated microgrid performance (a-b) at varying wind speeds: (a) Ps, ira
and wg (b) ira, Or ele, G5 and Ip; (c-e) at varying solar PV insolation (c) Vac, lsp,
Vsp and Psp (d) I, Isp, PL and Psp (€) MPPT performance of solar PV array at
500 W/m?2,

(a-f) Microgrid dynamic performance (a-d) at sudden change in load: (a) Vdc,
ILa, Isa and vga (b) P, Vdc, Vi and fg (€) Pag, PL, Pb and Ps (d) Pdg, idgc, iLc and
Ib; () at sudden change in load, change in wind speed and PV insolation: Py,
Ps, Psp and ira; (f) during connection and disconnection of DG through STS at
PCC: Vga, Vpa, Ira and igga.

(a-i) Isolated microgrid performance at steady state: (a) BES voltage and
current (b) BES power (c) load power (d) DFIG stator power () solar PV
power (f-i) spectrum of THDs: (f) load current (g) DG current (h) stator
current (i) DG voltage.

Grid interactive wind-solar-diesel generator based microgrid with a battery
bank.

An ASC InC based solar MPPT technique.
Modified control strategy of RSC for on/off-grid operations.
Modified adaptive step change based P&O wind MPPT technique.

Modified control strategy of LSC for on/off-grid modes with DG
connection/disconnection.

Picture of MATLAB/Simulink based modelling of grid interactive wind-
solar-diesel generator based microgrid.
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Experimental prototype of grid interactive wind-solar-diesel generator based
microgrid.

(a-c) MG performance during on/off-grid modes with smooth transition
through STS.

MG performance at variable wind speeds with on/off-grid modes.

Microgrid performance at varying solar irradiance with on/off-grid modes of
operation.

Comparison of wind turbine efficiency (or Cp).

(a-d) Microgrid performance at variable wind speeds (a) wqf, iar, ibr and Ps (b)
Orsc, lbb, Tas @and Voo (C) iar, wdf, lag and Grsc (d) Pg, Pob, wdrs and war; (e-f)
Microgrid performance at varying solar irradiance: (e) Is, Vs, Psp and Veq ()
Pg, Psp, Iop and Is.

(a-d) Microgrid performance during ON grid and OFF grid modes () Vag, Sg,
lag and ing (D) g, O, iaL and Pg (C) iag, Ibg, VaL and Vag (d) &g, 6L, 1aL and Py; (e-
) Microgrid performance during DG connection and disconnection: (e) Vadg,
las, laL @nd iadg. (f) Vadg, Vbdg, ladg and VaL.

(a-d) Microgrid performance at change in load (a) Vi, Vcd, iar and iaL (b) Pg, iar,
Pob and PL (c-d) iadg, ibdg, ia and Iop; (€) Microgrid performance at varying
wind and varying solar irradiance: s, iar, Ps and Psp; (f) solar PV MPPT
performance at 700 W/m?2,

(a-k) Steady state performance of microgrid: (a) DFIG stator voltage and
current (b) stator power (c) grid power (d) battery voltage and current (e)
battery power (f) solar PV power (g) load power; (h-k) THD spectrum: (h)
load current (i) stator voltage (j) grid current (k) DG voltage.
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