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ABSTRACT

This research work aims the design, control and implementation of different three phase
configurations of solar power generating system for interfacing the solar photovoltaic (PV)
energy into the three phase grid with an improved power quality. Modelling, simulation and
performance evaluation of three phase solar energy generating systems, have been carried out
in MATLAB/Simulink. The laboratory prototypes of all these configurations, are developed to

validate the simulation results.

This work presents various VSC based system configurations and novel control algorithms of
SPGSs (Solar PV Power Generation Systems) interfaced to the three-phase grid for both single
stage and double stage system depending upon requirements. Their simple and effective control
approaches have shown their performance potential under ideal and non-ideal grid conditions

as well as nominal and worst ambience conditions.

Moreover, when solar power is not available, normally the SPGS configuration is switched off
to reduce the losses. This leads poor utilization of power converters, which are used in grid
interfaced PV system. Therefore, in order to improve the utilization of solar PV systems, multi-
objective grid interfaced SPGSs in different configurations, are proposed in this work. These
solar energy generating systems include traditional PV inverter configurations with improved
MPPT (Maximum Power Point Tracking) scheme as well as the multitasking PV
configurations. At the same time, these multi-tasking configurations help in enhancement of
power quality of the distribution system in abnormal grid conditions such as voltage distortion,
voltage imbalance and voltage variation at PCC (Point Of Common Coupling) with the basic
characteristic of PV power fed into distribution network. Moreover, in the absence of solar
energy, this multitasking PV inverter works to enhance the power quality of distribution system

without any additional device like DSTATCOM (Distribution Static Compensator). Hence, in



this way, by utilizing the power converter up to its extreme level, the payback time of the grid
interfaced SPGSs, is reduced. The performance improvements are studied in terms of
minimization of losses and ripple currents. Simple, novel and robust control approaches are
proposed for all these grid integrated SPGSs. Additionally, the performance evaluation for all
the system configurations, has been analyzed under ideal and non-ideal grid conditions. The
behavior of SPGSs, are also examined under standard and worst ambience conditions. This
work gives a good exposure to design, development and implementation of various simple and

efficient control approaches for grid interfaced PV system and multipurpose SPGSs.

Vi
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Schematic Diagram of opto-coupler.

Photographs of different components of hardware configurations (a) d-
Space 1103 (b) voltage Sensors (c) current Sensors (d) opto-isolator.
PV system response under steady state condition.

PV System response under varying insolation.

Steady-state response for insolatian at 1000 W/m? () Vsap With isa (b)PV

power (c) harmonic spectrum of isa (d) harmonic spectrum of Vsan.

Steady-state performance for insolatian at 600 W/m? (@) Vsab With isa (b)

PV power (c) harmonic spectrum of isa (d) harmonic spectrum of Vsap.

PV performance of solar array (a) 1000 W/m? (b) 600 W/m?

PV Performance at variable insolation varied from 600 W/m? to 1000
W/m? (@) Vsab, Vsbe, Vsa, Vsc (D) Vs, Vi, Upa, Upb (C) Upe, Wioss, Wpv, Wep (d)
Vdcref (9) isa, isaref, isb, isbref (f) va, Ipv, Vsab, isa-

PV Performance under variable insolation varying from 1000 W/m? to 600
W/m? (@) Vsab, Vsbe, Vsa, Vsc (D) Vsc, Vi, Upa, Upb (C) Upc, Wioss, Wpv, Wsp (d)

Vdcref (e) isa, isaref, isb, isbref, (f) va, Ipv, Vsab, isa.

Steady-state performance of SPGS.
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Dynamic performance of SPGS during unbalanced nonlinear load.
Intermediate signals at unbalanced nonlinear load.

Dynamic performance of SPGS at varying insolation.

Comparison of propsed control approach with existing control
techniques.

Steady-state performance of PV system under nonlinear load (a-b) Vsnc
with isaand grid currents harmonics spectrum (c) Vsbe With iLa (d)
harmonics spectrum of iLa (€) Vsbc With ivsc_a (f) harmonics spectrum of
fvsc_a -

Fig. 4.26 Steady-state performance of PV system under nonlinear load (a)

harmonics spectrum grid voltage (b) grid power (c) load power.

Dynamic behaviour of PV system under nonlinear load (a) Upa, €pa, €pa°
and Wpa (b) Wioss, Wpv, Wipa @nd Wsp (C) isa_ref, Isa, Isb_ref and isb (d) Ve, lvsc_a,

iLa and isa.

Dynamic behaviour of PV system at varying insolation(a) Wioss, Wpv, Wipa
and wsp (b) Vpv, lpv, fvsc_a and isa,

Solar array MPPT performance at (a) 700 W/m2 (b) 1000 W/m2.
Dynamic behaviour of PV system during voltage variation at PCC (a) Vsan,

isa, Upa and Wpv (b) Vsab, isa, Upa and Wopv.

Comparison of proposed control approach with existing control

techniques.

Block diagram of PV energy generation system.
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Block diagram of CIM control algorithim for PV energy generation
system.

Steady state behaviour under nonlinear load condition.

Dynamic behaviour under nonlinear load condition.

Dynamic behaviour under varying insolation.

Comparative performance of proposed algorithm with existing controls.

Different intermediate waveforms with grid side parameters (a)-(e)
during sudden removal of load.

Different intermediate waveforms with grid side parameters (a)-(e)
during sudden connection of load.

Experimental results of proposed system at nonlinear balanced load (a)-
(C) Vsab With isa, iLa and ivsc_a (d)-(f) local grid power, load power, PV
power (g)-(i) harmonics spectrum of isa, ivsc_a, iLa.

Experimental results of proposed system at nonlinear unbalanced load
(a)-(C) Vsap With isa, isb, isc (d)-(f) Vsab With iLa, iLo and ivc (g)-(i) Vsab With
lvsc_a, Ivsc_b, Ivsc_c.

Experimental results of proposed system at nonlinear unbalanced load
(a)-(c) grid power, load power and PV power (d)-(f) harmonic spectrum
of grid current.

Performance of complete system (a)-(c) during sudden removal of load
(d)-(f) during sudden addition of load.

Performance of system (a)-(c) during sudden fall of solar irradiance (d)-

(f) during sudden rise of solar irradiance.
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Solar MPPT performance at (a) 1000 W/m? (b) 800 W/m? (c) 600 W/m?
(d) 500 W/m?(e) 400 W/m? () 200 W/m?.
Block diagram of multi-mode single stage SPGS interfaced to grid.

Block diagram for control architecture for SPGS.

Block Diagram of Adaptive Sparse Approach.

Steady state behaviour under nonlinear load condition.

Dynamic behaviour at unbalanced nonlinear load condition.

Intermediate signals under unbalanced nonlinear load condition.
Dynamic behaviour under varying insolation.

Comparative performance of proposed system with existing approaches.
Experimental results of proposed system at nonlinear balanced load (a)
Vsabc and itanc (D) Vsabe and irane, and load power with power factor (c)
Vector Diagram of Vsane and irane (d) Harmonics Spectrum of Vsane and
iLabe (€) Harmonics Spectrum value of ia (f) Thd value of vsa () Vsanc and
ivsc (N) Vsabc With ivsc with PF (i) Vector diagram of Vsanc and i vsc_anc (j) Thd
value of ivsc_a (K) Vsabe With isanc (I) Vsabe & isanc.

Experimental results of proposed system at nonlinear balanced load (a)
vector diagram of balanced Vsanc and isanc (b) THD value of vsa and isa ()
harmonics spectrum value of vsp and isp (d) harmonics spectrum value of
Vsc and isc (e) list of isa (f) list of isp.

Experimental results of proposed system during nonlinear unbalanced
load (a) Vsanc and iLanc (b) Vsane rms value, iLanc rms value and load power
with power factor (PF) (c) vector diagram of Vsane and iLanc (d) harmonic
spectrum vsa  and iLa (€) harmonic spectrum ita (f) Vsane and ivsc (Q) Vsabe

rms with ivsc rms with PF (h) vector diagram of Vsanc and ivsc (i) Vsabe With
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lvsc for phase ‘a’ (j) Vsabc With ivsc for phase ‘b’ (k) Vsanc With ivsc for phase
‘¢’ (1) harmonic spectrum lysc a -

Experimental results of proposed system during nonlinear unbalanced
load (a) harmonic spectrum ivsc_ b (b) harmonic spectrum of ivsc ¢ (C) Vsanc
and isanc (d) Vsabc and isanc rms value with PF (e)vector diagram of Vsanc and
isabc () harmonic spectrum isa (g) harmonic spectrum is, (h) harmonic
spectrum isc (i) harmonic spectrum of vsa and isa (j) harmonic spectrum of
Vsb and ish (K) harmonic spectrum of vsc and isc.

Behaviour of proposed approach (a)-(g) distribution side parameters on
during sudden removal of load.

Performance of system (a)-(b) during sudden fall of solar irradiance.
Solar MPPT performance evaluation (a) 1000 W/m2 (b) 400 W/m?2.
System performance as DSTATCOM.

Block diagram of simple grid interfaced double stage SEGS system with
modified adaptive P&O MPPT

Block diagram of multifunctional grid interfaced double stage SEGS
system.

Block diagram of control algorithm for VSC.

Improved perturb and observe algorithm.

Power Vs voltage and current Vs voltage curve for one module.

(a) Block diagram of control methodology for multi-tasking double
stage SEGS (b) unit templates estimation and peak of terminal voltages.
PV system response under steady state condition.

PV system response under varying insolation.
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Steady-state performnce for insolation at 1000 W/m2 (a) vsab with isa
(b) harmonic spectrum of vsa (c) harmonic spectrum of isa (d) pv power
Steady-state Response for Insolation at 1000 W/m2 (a) Vsab With isa (D)
harmonics spectrum of vsc (¢) harmonics spectrum of isa (d) PV Power,
System performance under variable insolation changed from 700 W/m? to
1000 W/m? (@) Vv, lpv, Ve, isa (0) D, Wioss, Wpv, Wsp (C) isa, isaref, isb, isbre.
System performance under variable insolation changed from 1000 W/m2
t0 700 W/m2 (a) Vpy, lpv, Vetc, isa (B) D, Wioss, Wv, Wep (C) isay isaref, isb,
Isbref.

PV performance of solar array (a) 1000 W/m? (b) 700 W/m?,

Steady-state performance of multi-tasking SEGS.

Dynamic performance of SEGS during unbalaced non-linear load.
Intermediate signals of SEGS during unbalaced non-linear load.
Dynamic performance of SEGS during varring insolation.

Comparison of propsed control approach with existing control
techniques.

Steady-state behaviour of PV system at nonlinear load (a-b) Vsoc With isa
and grid current harmonics spectrum, (c) Vsoc and iia (d) harmonics
Spctrum of i1a (€) Vsbe With ivsca (F) grid voltage harmonics spctrum.
Steady-state behaviour of PV system at nonlinear load (a) grid power

(b) load power (c) VSC-PV power.

Dynamic behaviour of PV system under non-linear load(a) Vac, iLa, ivsca

and isa (b) Ve, iLb, fvsco and isb (C) isa_ref, Isa, Isb_ref and isp (d) Vsa, lvsca, Ivsch,
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Fig. 7.22 (a-b) Performance of the proposed system in the existence of distortion in
grid voltages prior to switching on VSC, (c-d) Dynamic behaviour of the
proposed system in the presence of distortion in grid voltages post to
switching on VSC, (e) Values of system variables in the presence of
imbalances in grid voltages and (f) Signals of grid voltages and currents
in the presence of imbalances condition in grid voltages

Fig. 7.23 Dynamic behaviour of PV system at varying insolation 700 W/m? to
1000 W/m? (@) Vpv, lpv, ivscaand isa (D) Wioss, Wpv, Wipa and Wsp () PV

performance of solar array at 700 W/m? (d) PV performance of solar

array at 1000 W/mZ.
Fig.8.1 Block diagram of multi-functional SEGS system.
Fig.8.2 (a) Block diagram of P&O MPPT.
Fig.8.2 (b) Block diagram for control algorithm for PV energy generation system.
Fig. 8.3 Steady-state behaviour at nonlinear load condition.
Fig. 8.4 Dynamic behaviour at unbalanced non-linear load condition.
Fig. 8.5 Intermediate signals of control algorithm un-balanced non-linear loading
condition.
Fig. 8.6 Dynamic behaviour under varying insolation condition.
Fig. 8.7 Comparative performance of proposed algorithm with existing controls.
Fig. 8.8 Steady-state performance of grid interfaced SEGS (a-b) vsbc with isa and

harmonics spectrum of grid current (c) vsbc with ila (d) vsbc with ivsc.
Fig. 8.9 Steady-state behaviour of grid interfaced SEGS (a) Vsbc With ivsc a (b)

distribution network power (c) Load power (d) VSC power.
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Fig. 8.10

Fig. 8.11

Dynamic response of grid interfaced segs for nonlinear load (a) Ve, iia,
ivsc_a and isa (B Ve, itb, ivsc b and isp (C) Wioss, Wpv, Wipa and Wsp (d) €pa, €pa’,
signpa and Wpa,

Dynamic behaviour of PV System under varying insolation 1000 W/m2
to 700 W/m2 (a) Vpv, Ipv, ivsc_a and isa (b) wloss, wpv, wLpa and wsp.

(c-d) PV performance of solar array (c) 1000 W/m2 (d) 700 W/m2.
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