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Abstract

This paper proposes a new topology for the poweciion system that is based on the parallel agtoni

of two voltage source inverters: one is operatddgua quasi-square voltage waveform strategy amd th
other operates with a PWM based strategy. The &imiotopology is that the quasi-square inventgedts
the power from the photovoltaic generation systewh the PWM inverter controls the current qualitieT
proposal optimizes the system design, permittimlycdon of system losses and an increase of theyene
injected into the grid.

Keywords: quasi square wave inverter, pulse width Modulatioverter, photo voltaic power system,
modulation Index (M).

1. Introduction

Since the start of the industrial age more thanv&aés ago, the world economy was running on fdasis,
which were cheap as there was no cost associatbdheir Production, but only with their extractiand
transportation. The negative effects on the enwrem became visible only in the last 30 years. Reae
energy resources will be increasingly important pamower generation in the new Millennium. Beside
assisting in the reduction of the emission of gheaise gases, they add the much needed flexibilitie
energy resource mix by decreasing the dependendeossil fuels. Due to their modular characteristics
ease of the Installation and because they candagdd closer to the user photovoltaic (PV) systbme
great potential as distributed power source to utiities. PV systems are installed on the roofttoé
residential buildings and connected directly to ghiel.(called grid-tie or grid-connected ). A gtidd PV
system consists of two main stages a PV modulepameer injection System as shown in Figure. 1. In
these PV systems , power Conditioning system (PB8uld have high efficiency and Low cost The
power generated from the renewable energy systemgied to the utility grid (Doumbia 2004) and
(Jih-heng Lai 2003)In remote places where there is less/no featsilmfi utility grids, renewable energy
Systems provides electricity to the isolated regidhese isolated renewable energy systems can be
employed to power residential applications. Foreregible energy sources, the output voltage and power
typically depends on a variety of uncontrollabletéas. for example: radiation intensity determiries
obtainable voltage and power output of a solar hpaviad speed determines voltage and power of alwin
electrical generator; and the output Voltage angvgvoof a fuel cell changes with the operating
temperature, fuel and air flow rateBdtrick 2005) to DeSouza 2006)To obtain the required
voltage output for varying input conditiong@wer conditioning Systems (PCS) are introduced
as interfacing scheme between the PV panels edd dhe existing power conversion topologies
used in power conditioning system consist dfoost converter and a pulse width
modulation inverter or a multi level invertéfthe boost converter enhances the low
voltage output from the renewable energy @ear during low input conditions And the
inverter converts the dcpower into ac ofquieed voltage and frequency. The two stage
conversion system also increases the systemst cand decreases the efficiency of the
system. In this project, an inverter topologyithout the intermediate dc-dc converter has
been presented. This scheme reduces the systeaslaad increases the efficiency and increaseeof th
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energy injected into the grid. The proposed invedalesigned for a kW photovoltaic generation eyst
Photovoltaic generation scheme along with the iteras simulated in MATLAB/Simulink. Simulation is
carried out to study the power flow characterisfasvarying solar intensities and modulation iretiand
the results are presented.

2. Description of the Pvgswith QSWI-PWM Inverter

Fig.1 shows the inverter topology. This Photovalt@eneration system presents a topology of the
power injection system (PIS) that has the functibimjecting the power produced by the photovolizat
groups, converting the energy from the original @@n to the final AC form with the desired electic
characteristics. The part of the PIS that carrigsthis conversion is the inverteé€drrasco 2006)Jsually,
Pulse width modulation (PWM) based inverteiksvpn 2006)or multilevel topology inverters are used
(Gupta 2006)In this paper a new topology for the PIS is pnésé based on the parallel association of two
voltage source inverters. (VSI): one is operateihgusa quasi-square voltage waveform strategy
(quasi-square waveform inverter, QSWI).It can berated with the operating frequency of grid frequen
(50Hz) and the other operates with a PWM basedestya(high-switching-frequency inverter, HSFI).and
this inverter can be operated as high switchinguemcy of 20kHz.The general purpose of the QSWb is
inject the power generated by the PVGS into thd. dni order to achieve this, controlling the fundantal
component of the inverter and that of the HSFbibe responsible for controlling the quality of therent
injected into the grid. The mathematical modelif¢he various system components are discussed below

(a) Modeling Of PV Cél

The characteristics of a solar cell relatinhe cells voltage to current are expressed
by the equations,that are given below ,ThecBNoutput currentis given as,
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The PV cell output voltage is given as,
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The light generated current is given as,
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The saturation current is given as,
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(b) Power Injection System
A direct connection to the inverters without a goeg DC/DC converter has been chosen. The upper
inverter in the figure.l (inverter 1) is the Qu&sjuare Wave Inverter and the lower inverter (irerey, is
the High Switching Frequency Inverter. Both investeshare the same DC bus, which is connected to the
PVGS. The capacitor between the PVGS and the PIS ahsorb the active power fluctuations (that
always exist in a single-phase system). Theretoaehieves constant power extracted from the PMyS,
keeping the DC voltage at the output terminal & BVGS constant under these power fluctuations. The
QSWI is responsible for injecting the energy pragthby the PVGS. This inverter deals with high coitse

but at low switching frequency (50-60 Hz), resudtin lower losses than if the inverter is operataith a
PWM technique. This inverter injects a current vatligh total harmonic distortion (THD) into thddyr
The PWMI is connected in parallel with the QSWI amdrking as a part of the PIS and its corrects the
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current produced by the QSWI improving its THD.TP&/MI (working as APF) not only can correct the
QSWI current, but also correct the current demariged non-linear load connected to the same pdint o
common coupling (PCC) than the PVGS. (Usually betw&0 to 20 kHz).

(C) Design of Inductance

The QSWI inductance value (L1) must belegted to permit the injection of
the maximum power That the PVGS can generd¢hich depends on the irradiance
and temperature conditions).The power injectedo the grid from the PVGS (neglecting
the PIS losses),

Py =Velgr = Poags e 5)

As the current is in phase with the gridoltage. The RMS fundamental current
component injected by the QSWI (I1)can betednined by,

_ Vvl2 _V52
= (6)
Lw

From that two equations we get,
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The inductance with proposed DC voltage is given b

Liza;)/s \/(o%coééz A2 (8) and,
PVGS
L =M ........................ (9)
2
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The coupled inductors enable the advantage of,ubutipple current reduction due to AC

magnetic field cancellation within the inductoore. Improved efficiency due to lower peak

currents. Reduction in required output capacitaf@ster transient response due to the ability
to use lower effective inductance values. Redwvershoot or undershoot during load transients.
Frequency range up to 2 MHZ.

3. Smulation Results

The individual models of the PV array and invertare simulated and their characteristics are stlidie
Then the models of PV array and inverters are mted along with grid and simulation is carried tut
study the power flow characteristics for varyindgsantensities. The effect of modulation indexstsdied
and the optimum modulation is identified for diffet solar intensities for maximizing the power auitp
The simulation results are discussed below,

(a) Characteristics of the PV module.
The model equations (1) - (4) of the PV cell detilin section Il (a) are used to obtain the I-V
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characteristics of the PV module given in appenigure.2 shows the |-V characteristics for varysudar
intensities at constant temperature of 25°C.It nleskthat the current increases with increase tengity
thereby increasing the power output of the soldlr tteis observed that the PV array generates 550V
\oltage and 8.8A current at the rated intensity @@mW/cm2 with 34 modules in series and 2 moduies i
parallel. Figure.3 shows that I-V characteristies\farying temperature at rated intensity of 100w/ It

is observed that the current variation for margitehperature variation from 25°C to 65°C.The output
power versus power characteristics of the PV dioagifferent intensity is shown in Figure.4 ltabserved
that the power increases with increasing voltage r@aches a maximum value and starts decreasing for
any further increase in voltage. It is also seex tie output power increases with increasing sitgn

(b) PISresults

The quasi square wave inverter and pulse width tatida inverter are modeled in MATLAB-SIMULINK.
The performance of the grid connected PIS whichugles PWM and QSW Inverters are studied for
different modulation indices. Figure.5 shows thn§ pulses for Quasi Square Wave Inverter. A exiee
sine wave of 50Hz is compared with constant dcageltto generate the firing pulse. The output veltag
varied by controlling the width of the pulse. Instlswitching scheme, the positive and negative tydfes

are present for an interval less than the halpériod of the output frequency. The QSWI is respaador
injecting the energy produced by the PVGS. Thedstetate voltage and current waveforms of the irever
are presented in Figures.6&7. It is seen that peatent of the QSWI is about 17 A without the cofiér.

A reference sine wave of 50Hz is compared withntgidar wave of 20 kHz to generate the firing pulse.
The width of each pulse varies as a sine fashitie ffequency of the reference determines the output
frequency of the inverter. The number of pulsegach half cycle depends on the carrier frequenbg. T
output voltage is controlled by adjusting the matioh index. The PWMI is connected in parallel wiitle
QSWI and working as a part of the PIS and its atsr¢he current produced by the QSWI improving its
THD are seen from Figure.11l. The main advantagiefproposed system is the inverter loss decrease,
because the QSWI has low losses which are dueipaihcto conduction. The switching losses are $mal
because the switching frequency matches the gegufncy, near 50Hz. The conduction losses could be
even further reduced if a low ON- voltage semicartdu is selected, since no high speed switching
semiconductors are needed for this inverter. Bsth #dsses in the HSFI (principally due to the shiiig
losses) decrease notably, because the currens lfarethis inverter are lower than those produdetiwas
working alone (without the QSW!I cooperation). Then be observed in Figure.10. Where the maximum
instantaneous current value is lower than 3 A laevthat is significantly lower than the maximumueaof

15 A for the total injected current, Figure.1loife assumes that the switching losses are propaltio the
maximum instantaneous current value, these los#kbavreduced to approximately 20%. Therefore the
high switching semiconductors used in this invewtérhave a current ratio of about five times laviban

the semiconductor used in a conventional PWM irereidr the same task. The reduction in losses allow
one to use a smaller aluminium radiator. Furtheemtie QSWI inductor can be built with a converdion
core coil designed for a working frequency of 50 (fE@romagnetic core and conventional cupper wire),
and the HSFI inductor can be built with an air cood with smaller section cupper wire (usually sipé
cupper wires must be used due to the high switcfiemguency), because the RMS current value is mall
than if it operates alone.

4, Control system
The PIS control can be divided into the blocks smawthe schematic diagram of Figure. 12.

(@) Maximum Power Paint Tracking (MPPT) block:

The objective of this block is to set and to mdmtae PVGS at its maximum power point (MPP). When
the PVGS is working at this point, one hast that,

dPoves
dVey

The MPPT scheme is shown in Figure. 13. In the @ed system, this condition is achieved by
15
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considering the power derivative as the error irgfud proportional integral (P1) controller. Ingtway if
the PI controller is well-designed, the power datilve will become zero in the steady state andMRé¢
will be tracked. A saturation function has beeruded to prevent the improper operation of thegraé
part of the controller during start-up transiertdow-pass filter is included to eliminate the cooments in
the power derivative due to the switching frequency

(b) Reference Supply Current Generation Block

This is the principal block of the proposed consgtem, because it guarantees that the currerstcted
from the PVGS is the desired one and so the MRRadgked. The RMS value of the fundamental current
component that must be injected into the grid temeined by neglecting the PIS losses:

_ VPV I PV ref

I = 11
S,ref VS ( )

This reference current value is tuned by the outfpan additional Pl whose input is the error betwéhe
reference current that must be extracted from M&$determined by the MPPT block) and the actual
one(measured from the system). The aim of thismtuig to compensate the system losses that have not
beenconsidered in (11).The RSCG block contains a syrihation module in fig.14. that generates two
sinusoidal signals with unity RMS value, which amegphase (the first one) and in quadrature (thersdc
one) with the fundamental grid voltage componentj an RMS grid voltage fundamental component
calculation module .As a result the reference supplrent is a sinusoidal wave in phase with thd gr
voltage, and its RMS value is equal to that giverfli).

(c) Signal Generation for Inverter 1

This block implements the collaboration between tihie inverters and their principle of operation was
described in above. Figures 15 and 16 shows thensafic diagram for each inverter. In Figure.15 the
function block “Fcn” implements equation (11) , atie function block “Fcnl” is used to avoid values
greater than 1 for the arc cosine function of #gsation.

(d) Switching Signal Generation for Inverter 2

The QSWI is operated in a quasi-open-loop obtairreg value of from the reference supply current
(determined in part B), not its measured value. FIBEI switching signals are generated based oertiog
existing between the reference supply current dred heasured one, by using a hysteresis band that
compares the error with zero for a fixed sampléoglefFigure.16).

5. Controller results:

The closed loop control systems are simulated With parameters given in Appendix. The simulation
results of the PVGS and Inverter are studied indigily and the overall system performance for vagyi
solar intensities and modulation indices are oleriFrom Figure.17 to 21 shows that the performarfice
the PVGS and the grid connected system resultsedboth inverter currents are simulated at ratezhgity

of 100mW/cmz2. The main advantage of the proposestiery is the inverter loss decrease, because the
QSWI has low losses which are due principally tadiection. The switching losses are small because th
switching frequency matches the grid frequencyy m€8dz. The conduction losses could be even further
reduced if a low ON- voltage semiconductor is gelécsince no high speed switching semiconduct@s a
needed for this inverter. But also losses in thé=H@rincipally due to the switching losses) desea
notably, because the current levels for this irereatre lower than those produced if it was worlatane
(without the QSWI cooperation). This can be obsénveFigure. 21. Where the maximum instantaneous
current value is lower than 3 A, a value that gn8icantly lower than the maximum value of 15 A fbe
total injected current shown in Figure.22. If orsswames that the switching losses are proportiangie
maximum instantaneous current value, these los#kbavreduced to approximately 20%. Therefore the
high switching semiconductors used in this invewtérhave a current ratio of about five times lavthan

the semiconductor used in a conventional PWM irreidr the same task. The reduction in losses allow
one to use a smaller aluminium radiator. Furtheemtite QSWI inductor can be built with a converdion
core coil designed for a working frequency of 50 (fezromagnetic core and conventional cupper wire),
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and the HSFI inductor can be built with an air cood with smaller section cupper wire (usually sipé
cupper wires must be used due to the high switcfiemguency), because the RMS current value is mall
than if it operates alone. The total inductor Igssél be lower: (a) the electric losses in induatbinverter

1 decrease because it has a lower resistance {Ré&h if it had been built with air core coils
(because far fewer turns of copper wire are mdedeerromagnetic losses will be small since the
operation frequency is 50 Hz.(b) the electric lssseinductor of inverter 2 decrease too, becagdiMS

of the current that flows through it(l 2) is reddday five times Although the cost could seem taéase
due to the more complex topology and control anthé higher number of semiconductors needed, ®ther
factor related to cost should be taken into accodetrease in losses and so decrease in the sihe of
aluminium radiator, possibility of using ferromatjoecore inductors for filtering the greater fragtiof the
current (this inductors are about 30% less expenian air core inductors), possibility of usingowser
semiconductors (so cheaper devices) for the greateent fraction, and using lower rating high fiegcy
semiconductors (because they operate with a loweemt fraction).

6. Experimental results:

The prototype model of this scheme has been impitedein hardware. The prototype model has been
tested with a laboratory Prototype (Figure.23) saof@dule (supplying 12 VDC) is connected to a four
branches inverter (MOSFET-IRF840) and it can beneoted into the load. The results are shown inreigu
24 to 29.The proposed PIS behaves as in the siionlsetup. The output voltage of the 15W PV modsile
found to vary from 15.07V to 18.09Volt over a daye corresponding output voltages of the inverter
voltage are varying from 11.8V to 13.2\0lt.The auttoltage and current waveform are observed and
presented. The hardware results are compared hatlsimulation results. It is found that the hardwar
result closely matches with the simulation resuttsjs validating the simulation model of the grid
connected PVGS.

7. Conclusion

The power characteristics of the photovoltaic gatien system is investigated for varying solar
intensisties.The power output of the photovoltaimdoie, the voltage and currents of the inverters the
power export to the grid are observed for diffefietensities. The effect of modulation index isdséd and
the optimum modulation is identified for every saleensities for maximizing the power output. Astd
loop control is designed to maximize the power autfor varying intensities. The proposed system
optimizes the system design, permitting the reductif the system losses (conduction and switclosgds,
and Joule effect losses in inductors) and so ise®the energy effectively injected into the gfidere will
consequently be an increase in profit when setligenergy.

APPENDIX
PV Generation System

Parameter Value
34

Number of series connected cells

Number of parallel connected cells

] SHELL BP150-P
Photovoltaic cell reference

8.8A
MPP current (25°C, 100mW/cm?)
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550V

MPP voltage (25°C, 100mW/cm2)

Power rating at rated intensity of 200(mW/cm?) 3kwW

Power Injection System

Filter inductance L1 50mh x2
Filter inductance LZ 25mH x2
Switching frequency 20 kHz
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Figure.24. Firing praor QSWI

Figure.25. Firing pulse for PWMI Figure.26. Quasi Square Waverter \oltage

Figure.27. Pulse Width Modulation Inverter Voltage Figure.28. High Switching Fregaog Inverter Current
Tallle
DC AC
VOLTAGE | VOLTAGE | CURRENT | POWER
15 12.2 0.51 6.22
W 16 12.8 0.65 8.32
17 12.9 0.67 8.64
18 135 0.69 9.31

Fig.29. Load \Voltage
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Table 2
DC AC VOLTAGE AC VOLTAGE
TIME VOLTAGE (Peak) (Rms) CURRENT | POWER
9.30 am 15.07 16.68 11.8 0.49 5.78
10.30
15.19 17.53 12.4 0.54 6.69
am
11.30
16.16 18.10 12.8 0.62 7.93
am
12.30
16.27 18.24 12.9 0.64 8.25
pm
1.30 pm 18.09 18.66 13.2 0.66 8.71
2.30 pm 17.92 17.67 12.5 0.64 8.0(
3.30 pm 15.08 16.68 11.8 0.60 7.08
4.30 pm 11.83 11.03 7.8 0.5 3.9
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