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CHAPTER 1

I ntroduction

1.1 Motivation of the Thesis

In recent years energy demand is increasing at¢hessvorld. More number of generating
stations are to be constructed to meet this demahd. use of fossil fuels deteriorate
ecological environment and causes global warmingw Nt is become a big challenge to
societies around the world to fulfill the energynded keeping minimum damage to
environment. In this circumstances use of non-cotiwral energy has emerged as a solution

to this problem. It is clean as the g&nission is very low and also ‘renewable’.

Recent years have seen remarkable technologicalapaaent in the field of renewable

energy. Energy sources like solar, wind, tidal,tgeonal are the main sources which are
used as a renewable energy sources. Countrie€hksg and USA are heavily investing in

solar, wind and biofuels. At present around 30amaiin the world are using renewable
energy to meet about 20 percent of their total ghdemand. Norway and Iceland, the two
countries who have generated all their electriogiyng renewable energy sources.

1.1.1 SOLAR ENERGY

Among the various sources of renewable energygelbetrical energy obtained from solar
energy is currently regarded as a natural energyceowhich is most useful since it is free,
abundant, clean, and distributed over the Earth garticipates as a primary factor of all
other processes of energy production on Earth. y¥ems have been started to be used
widely in domestic electricity supply. In fact griwof PV panels for electricity generation is
one of the highest in the field and this tenderggxpected to continue in the coming few
years. Under solar irradiation solar panel convexmlight into electrical energy by

photovoltaic effect. It was first observed by ABEcquerel in 1839 [15].

1.1.2 SOLARENERGY ININDIA

Geographically India being a tropical country reesi adequate solar radiation for 300 days,
which amounts to 3000 hours of sunlight equivaterdgver 5000 trillion kwWh. Due to lack of



electricity infrastructure a major section of itspplace is still off grid. Especially in rural
area 18000 villages could not be electrified thifoegnventional grid system. Development
in solar energy could be the best alternativeddotrfy the rural and urban area. Currently
India has around 1.2 million solar home lightingteyns and is also India ranked the number
one in Asia for solar off-grid products. As of 3ed@mber 2015 the installed grid connected
solar power capacity is 4,879.00 MW, and India expéo install an additional 10,000 MW
by 2017 [2].

The work presented in this thesis is to represemtodel of PV power generating system
connected to utility grid using Matlab/Simulink. the proposed model a DC-DC boost
converter is used with the necessity MPPT contrethmd and is interfaced with the grid
through a voltage sourced inverter. Each chapt#rignthesis will explain the specific area of

research.
1.2 Literature Review

For the successful execution of the thesis worls ivery important to discuss about the
various types of existing work that has been dandhis domain and ponder upon the
proposed improvement possible. In the literatukgere some important parts related to this

are discussed.
Modeling of Photovoltaic Devices

As the name implies photovoltaic device is the gayt of any Photovoltaic System. Due to
the low voltage generated in a PV cell, a numbeP¥fcells are connected in series and
parallel to form a PV module for desired outputtd.of work has already been done in this

topic, some of which are briefly presented here.

Michael E. Ropp [13] presented a MATLAB/SIMULINK model of a singfghase grid
connected PV system suitable for system-level imy&tsons. Simplified means for modeling
the PV array and integrating a gradient based MipRTa very simple average model of the

power converter are developed, and the model hers é@eperimentally tested.

Habbati Bellia et al [11] presented a detailed modeling and simulatibthe PV cell and
module. It is implemented under MATLAB/SIMULINK emenment. The chosen model is

the single diode model with both series and pdradigstors for greater accuracy.



I. H. Atlas et al [10] developed a photovoltaic array simulation mote be used in
MATLAB/SIMULINK software. The model is developeding the basic circuit equations of
the photovoltaic solar cell including the effectssolar irradiance and temperature changes.
The PV cell output voltage is a function of the @hoairrent that is mainly determined by load

current depending on the solar irradiance leveinduthe operation.

Shivananda Pukhrem in [15] proposed a circuit based simulation moael & PV cell for
estimating the IV characteristic curves of phottaicl panel with respect to changes in
environmental parameters and cell parameters. Gersg these two the author developed a
model in MATLAB/SIMULINK with a variable load resiance at the output.

Tarak Salmi et al [29] focused on a Matlab/Simulink model of a phatibaic cell. The model

is based on mathematical equations and is desdtilbedgh an equivalent circuit including a
photocurrent source, a diode, a series resistoraapdrallel resistor. The developed model
allows the prediction of PV cell behavior underfeliént physical and environmental

temperature and solar radiation.

1.21 DC-DC Boost Converter

It is also known as a step up converter. The ty@mpplication is necessary to increase the
output voltage of the PV array as the output of B\é array is less than what has to be
supplied to the consumers. In this regard somerelseéhas been done and can be found in
the following papers.

Hassan Fathabadi [23] proposed a novel high efficiency DC/DC boostverter to be used
in PV systems. The converter includes only one Inetxade semiconductor field effect
transistor (MOSFET) switch, and two diodes. It wn theoretically and experimentally
that the only switch of the converter is turned and turned off respectively under zero
current switching (ZCS) and zero voltage switch{AdyS) conditions, and the two diodes are
turned on/off under ZCS condition, so there arswitching losses.

B. M Hasaneen et al [24] proposed a design and simulation of DC/DCdb@mnverter. The
input is usually from a PV array and therefore diesign and simulation in this paper covers
the whole range of radiations and temperaturehim gaper they analyze the equations of a
boost converter and propose the design componémE€MC boost converter. This work is
applied to photovoltaic system for tracking thenp@af maximum power.

P. Sathya et al [25] presented the design and implementation gh tperformance closed

loop Boost converter for solar powered LED lightisystem. The proposed system consists



of solar photovoltaic module, a closed loop boasiverter and LED system. The closed
loop boost converter is used to convert a low leleinput voltage from solar PV module to

a high level dc voltage required for the load.

1.2.2 Maximum Power Point Tracking (MPPT)

It is very important to track the maximum power ngoaccurately under all operating
conditions so that maximum available power is alvalgtained. Several distinct methods of
MPPT are available in literature. A few of them presented here.

Moacyr Aurliano Gomes de Brito et al [8] presented evaluations among the most usual
maximum power point tracking (MPPT) techniques,ndomeaningful comparisons with
respect to the amount of energy extracted fronptieovoltaic (PV) panel in relations to the
available power, PV voltage ripple, dynamic resgoaad use of sensors. Total work has

been performed in Matlab/Simulink.

A.Safari et al [20] has presentddcremental conductance method (INC) for maximurwero
point tracking (MPPT) using DC-DC cuk converter.ngyehensive analysis and simulation
of KC85T solar module and equivalent electric atrewe provided while effects of various
environmental conditions on the PV module behavsornvestigated. In order to fully
understand the PV module working specificationgiimental characteristics of PV cells are
discussed.

Saravana Selvan. D [21] has proposed the study of incremental coramhegt MPPT
algorithm. This can be experimentally verified bydeling the PV system with MPPT
algorithm in Matlab/Simulink software. This papeviews the basic characteristics of the PV

cell and the simulation model of the circuit.

1.2.3 Power Electronic Interfacing with Utility Grid

Neng Cao, Yajun Cao and Jiaoyu Liu [26] have proposed an inverter control system whos
advantage is its high speed and flexibility duethe application of advanced control
algorithm. The source harmonic current is remarkaddiuced for this deisgn.

Yao-Nan Tong et al [27] presented a single-phase full bridge phot@rolgrid-connected
inverter.

Amirnaser Yazdani et al [28] described a voltage sourced converter (VSC3alar power

system. This paper also deals with phase transtamand control of VSC.



1.3 Problem Statement

The above literature review shows the existing aege for photovoltaic system. But still
further investigations are needed on the desigerasmf photovoltaic arrays, the maximum
power point tracker and the power electronics fater between the PV system and grid. In
this regard an attempt has been made in this veocakidress the above mentioned issues.
This thesis carried out a detailed study of pholteyo systems. It incorporates analysis and
developments work on modeling and simulation ofghd connected photovoltaic systems.
The well accepted software package MATLAB/SIMULINKr simulating power system

components has been used. The thesis attempts

» To develop an accurate model of PV module and addidthe same with a
commercially available model of PV.

* To interface with a utility grid system using progenverter controls.

* Finally to confirm the effectiveness of the develdpdesign with the help of

simulation results.

1.4 Thesis Organization

» Chapter 2 explains about the brief theory, required to ustéerd the modeling of the
solar PV module. The model, definition and arraysofar cell is given. It also
explains the development of the mathematical espoas that represent the electrical
behavior of the solar cell. With the help of MATLARIMULINK the model of solar
cell has been developed and is validated with ancercially available PV module
Sun power SPR-305 WHT.

» Chapter 3 gives a brief discussion about the maximum poweantgracking method.

» Chapter 4 discuss the theory of DC-DC boost converter andontrol.

» Chapter 5 discuss the theory of voltage sourced converteritncontrol for three
phase grid integrated PV system

» Chapter 6 shows the simulation and results of the designedai

And finally Chapter 7 concludes the thesis and discuss about the futtmk in

connection with a PV array connected to a grid.



CHAPTER 2
MODELING OF PHOTOVOLTAIC DEVICES

The Photovoltaic device is the heart of the PVayst.e. the main source of energy in the
system. So it is very important to understand tloekimg principle of a PV array. The ability
to produce electrical energy by means of conver8otar energy is called Photovoltaic
property. A simple solar cell consists of solid tstg-n junction fabricated from a
semiconductor material. When sunlight hits thersotdl the energy from the photons creates
free charges that are separated by the electredd| treating a potential so that when a load
is placed between the terminals of the PV moduyaao currentlfPV) is created. The most
common material used in photocells today is silidq@) divided in mono-crystalline,
polycrystalline, and amorphous forms. The amountenérgy they can deliver changes
depending on the material of the cell and the et of sunlight. To develop a model of
solar cell it is important to evaluate the effetiddferent factors on the solar panels and to
consider the characteristics given by the manufactun the datasheet. It is to be noted that
to form a PV module, a set of cells are conneateskries or in parallel. PV arrays are built
up with combined series parallel combinations oWesal PV modules. Thus, the

mathematical models for PV array can be attainech fihe equivalent circuit of the PV cells.

2.1 The Photovoltaic Cell

A simple equivalent circuit of a solar cell is am@nt source in parallel with a diode as seen
in Fig. 2.1. The two parameters used to model &adacterize a PV cell are: the open circuit
voltage {/oc) and the short circuit currenksf). The Voc is the maximum voltage which a

solar cell can provide at zero current. Theis the maximum current which a solar cell can

provide at zero voltage.
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Fig. 2.1 Ideal single diode model

A diode is connected in anti-parallel with the ligienerated current source. The output
current | is obtained by Kirchoff law:
|=1ph-lg 2.1.1

Here hnis the photocurrentg Is the diode currentg Is given by the following equation:

Iy = I{exp[\%]—l} 2.1.2
T

Vr = kTdq 2.1.3
Where

e lp=reverse saturation current or leakage current

e V=diode voltage

+ = electron charge (1.602x1%C)

+ k= Boltzmann constant 1.381x#0/K

e T=temperature (Kelvin)

* |= output current
Therefore combining the equations (2.1.1) & (2.3i2)ds

qv

KT, _
on ~lo| € —1 2.1.4



2.2 The Photovoltaic Module

A typical solar cell produces less than 0.5 V. Ef@re to have adequate power output at
suitable voltage level, cells are connected ineseparallel combination to form a PV
module.The same basic modeling equations as in a PV izhlao followed by the module. The
simple PV cell model neglects to take into consitien a series of parameters that create an
accurate model. They are:

1. .Rp: Parallel resistance that accounts for the los®aated with a slight leakage
current through a parallel resistive path to theide R is neglected in most of the
models because its effect isn’t noticeable unldssge amount of cells are connected
in parallel.

2. Rs Series resistance that accounts for any resistamthe current paths through the
semiconductor material, the metal grid, contact$ @mrents controlling the system.
This value also accounts for the loss associatélal @@nnecting a number of cells in
series.

3. Ns: Number of PV cells connected in series

4. a Diode ideality factor, is considered constant

Taking into all these additional elements mentioalkedve the equation 2.1.4 changes to

|:|PH—|O exp L —1—%

aN KT R, 221
The equivalent circuit of a solar cell is depicbedow.
1
—_—
AN N
e vyl 0
tph Id
T Y 7 _
I‘\ix" &8 V

Fig. 2.2.1 Practical model withsR
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Fig. 2.2.2 Practical model withsRnd R

It is considered that parametégs lo, RS, Ry are dependent on the incident solar irradiation
and cell temperature [11]. The current generatethbysolar cell$PV can be approximated
with the short circuit current{).

The equation of the photocurrent can be written as:

Iph :[Isc +K, (T T )}Gi 2.2.2

ref
Where
* lIsc=is the light generated current
» Ki= co-efficient temperature of short circuit currget degree.
* T=Temperature in Kelvin
» Tie= reference temperature in Kelvin
+ G=irradiance (W/m)
+  Grg= nominal irradiance (usually 1000 WAm

The reverse saturation currenbf PV module is:
3
I, =1 T exp oL 1
0 on -|—r ak Tr T 223

In the above equationgHs band gap energy of the semiconductor device lant the

saturation current.

on 2.2.4
{exp[ QVoc ]_1}
N kaT




2.3 Modeling of Photovoltaic Array

A PV Array is a collection of PV modules. It foll@nthe same basic modeling equations. In
literature [10, 11, 13, 16, 26 and 29] differenpeyg of PV models are developed. For the
purpose of this research we will be using the nettescribed in [11]. The model consists of

finding the characteristic curve of the PV modulenf the datasheet. The manufacture’s data

sheet on PV modules usually provides the follovpagameters:

1. Voc(V) : Open Circuit Voltage

2. Is(A) : Short Circuit Current

3. Vmp (V) :Voltage at maximum power point
4. Imp (A) :Current at maximum power point
5. Kv : Temperature co-efficient ofdé

6. K -Temperature co-efficient o&d

7. Bnp : Power at maximum point

In order to make the proposed model more crediBleand R are chosen so that the
computed max powerng is equal to the experimental valugyRx at standard test condition

(STC). So it is possible to write the next equation

|mp.ref: Pmp.ref/ Vmp.ref :Pmp.e>[Vmp.ref

v,m+|mp.st_ VR

I:)mp.ex = mp l ph IO exp( a Rp 2.3.1

Vip + o Rs

e )

The iteration starts atR0 which must increase in order to move the modé&kectimum

R, = 2.3.2

Power Point until it matches with the experimen#PP. The correspondingpHRs then

computed.
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2.4 Simulink M odel

The simulation is performed using the Matlab/Simkilisoftware. The matlab model of
photovoltaic array is based on [11]. First modelofgequation 2.2.2 as seen in Fig 2.4(a)
followed by modeling of equation 2.2.3 in fig 2.8).( The values of Rand B were

calculated from equation 2.2.1.

00012 _I—b

Temp coefi

1000

Productt Constantd

298

Tref

3an

Iscrefi

Fig: 2.4 (a) Detailedph Implementation
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Fig: 2.4(d) The PV array model

2.5 Validation of the M odd

To validate the model SunPower SPR-305 PV moduls simulated. Its response was
compared with the datasheet information providedh® manufacturer. The experimental
value extracted from the datasheet is summarizetalsle 2.1. In the table it shows the
characteristics of the SPR-305 af@5Both relevant plots: Current vs Voltage and Povee
Voltage were computed for different values of ifeemte and temperature.

Table. 2.1. Datasheet parametersfor SunPower SPR-305

Irradiance (W/rf) 1000
Maximum Power (W) 305 W
Voltage at Maximum Power V) (V) 54.7V
Current at Maximum Powern) (A) 5.58 A
Open Circuit Voltage (¥c) (V) 64.2V
Short Circuit Current gc) (1) 5.96 A
Temperature Co-efficient ofdé (Kv) (V/°C) | -0.177
Temperature Co-efficient o&d (Ki) (A/°C) | 0.003516
No. cells in series (§ 5

The simulation was repeated for three differentgerature values at (25-?8) and for
irradiance varying from 250 W/o 1000 W/m.

13



2.5.1 Current vs Voltage characteristics of a PV module

Fig 2.5.1 (a) shows the current voltage charadiesisof a PV panel. It is a nonlinear curve. It
shows that the maximum current is 5.58 A and marinwoltage is 54.7 V. Fig 2.5.1 (b)

shows the IV curve for different values of irradian

Module type: SunPower SPR-305-WHT
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Fig: 2.5.1 (a) IV curve of PV module SunPower SRF$-8VHT
Module type: SunPower SPR-305-WHT
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Fig 2.5.1 (b) IV curve for different values of idiance.
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Fig: 2.5.1 (c) IV curve for different values of tparature. SunPower SPR-305-WHT 5 series
modules, 66 parallel strings

2.5.2 Power vsVoltage characteristics of a PV module

Fig 2.5.2 (a) shows the Power vs Voltage charatiesi of the SunPower SPR-305-WHT
module. The maximum power of a single module is B05-ig 2.5.2 (b) shows the variation

of power with different values of irradiance.
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Fig: 2.5.2 (a) PV cerfor module SunPower SPR-305-WHT
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Fig: 2.5.2 (c) PV curve with different values offreerature of PV array. SunPower SPR-305-
WHT 5 series modules, 66 parallel strings

Fig 2.5.1 (c) and Fig. 2.5.2 (c) shows the IV cuarel PV curve of SunPower SPR-305-
WHT array with 5 numbers of series connected sérisngd 66 parallel connected strings with

different values of temperatures and sun irradiarid€®00 W/n.

Table 2.2 Characteristics for 100 kW Photovoltaic Array at sun irradiance 1000 W/m?

Number of Series connected modules (Ns) 5
Number of Modules in Parallel (Np) 66
Maximum Output Voltage at MPP ¢y) 273V
Maximum Power Output at MPP {F) 100 kW

16



Fig. 2.5.3(a) and (b) show the IV curve and PV eunf the SunPower SPR-305-WHT array

at standard test conditions i.e, irradiance of 1006v and temperature of 25° C.
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CHAPTER 3
MAXIMUM POWER POINT TRACKING (MPPT)

The output power of the PV module changes withat@m of sun irradiance and ambient
temperature. In the previous chapter the nonlinesponse characteristic of the PV module
could be observed. There is a single maxima pointhe power vs voltage curve that
corresponds to a specific voltage and current. Akmow that the efficiency of a solar cell is
around 8-15% [31], it is desirable to operate thaxlute at the peak power point so that the
maximum power can be delivered to the load undierént environmental condition, i.e.

varying temperature and irradiation levels.

The location of the maximum power point (MPP) i$ kioown but needs to be located. Many
MPPT methods have been developed and implementedef&earch and commercial
purposes. The methods vary in complexity, costJementation hardware, sensors required,

convergence speed and range of effectiveness [33].

3.1 MPPT Algorithm

MPPT algorithms are based on measurement of thenBdlule output voltage and current.
This algorithm calculates the PV power and defifiethe control parameter needs to be
increased or decreased. This control parameteengrglly a duty ratio for the switching

signal of a DC/DC converter, or it could be a refere signal for a controller.

3.1.1 Model based Algorithm
MPPT with Fractional open-circuit voltage method
This method uses the approximately linear relatignbetween MPP voltage gy and open

circuit voltage (\b¢c) of the PV array under different irradiation aethperature [33].

Vi = KVoc 3.1
wherek: is a constant of proportionality and it is departiden the characteristics of the PV
array. The value ok is in between 0.71 to 0.78. It has to be determibeidrehand for

determining \hp for the specified PV array at the different valuefs irradiance and

temperature.
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MPPT with Fractional short-circuit current method

As in the previous method, here also there is aiogiship between MPP curreng{) and
short circuit current k) of the PV array under different irradiance andperature levels.

| o =Kol g 3.2
Herek: is constant of proportionality, and it has to deti@ed according to each PV array, as
was withkz in the previous method. The value of the conswimt between 0.78 to 0.92 [33].
Both methods are easy to implement and cheap,hleu¢ s excessive power loss and the
efficiency of the PV panel is very low due to inate determination of the const&atand

ka.

Among various MPPT methods used the two most wideslyd methods are Incremental
Conductance (INC) method and Perturbation and ®@agen (P&O) methods.

3.2 Perturbation and Observation (P& O) Method

This is one of the most conventional methods of MIRRjorithm. As the name implies this
method will perturb the system by increasing orreasing the output terminal voltage of the
PV array and compare the result with value obtaingtle previous perturbation cycle. If the
perturbation leads to an increase or decreaseeioutput array power, then the subsequent
perturbation is made in the same or opposite dmectin this way the power tracker
continuously finds the peak power condition. Insthigorithm the voltage V is constantly
perturbed with every step calculation meaning M wdcillate around the ideal voltageny/

To keep small power variation the perturbation sg&also kept small, which leads to an
obvious drawback as the time required to reaclpéak power point is large. If the variation
is large, then the oscillation around thgyWill be larger, causing power loss.

The value of the optimal step size is unique tayesgstem. The starting value of duty cycle
is set at 50%. The process is repeated until th® MPreached. So the system oscillates
around the MPP. This problem can be minimized blyceng the perturbation step size [33].
Fig. 3.1 explains the flow chart of perturb & obsemethod. Photovoltaic voltage and
current are the input and output power is calcdldtem these two parameters. The sign of
the output power determines the duty cycle outguhe MPP controller. Duty ratio of the
boost converter is the control variable. Perturkilmg duty ratio of the converter perturbs the

PV array current and consequently perturbs the iPAy aroltage.
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Calculate Power P(t)
P()=V()*1(t)
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D=D+AD D=D-AD Y

| D=D-AD D=D+AD

Return

Fig: 3.1 Flow chart of P& O method.

This is a complete flowchart of P & O method foreocomplete cycle. The computational
steps are as follows:
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» Step 1: Measure the voltage and current, from thput of PV array and calculate the
power from it.

» Step 2: Compare the calculated power with the pab&ined in the last perturbation
cycle.

» Step 3: Check the nature of change in power arml thls change in corresponding
voltage.

» Step 4: Control the voltage change by changinglthg ratio.

» Step 5: Return the value.
3.1.3 Incremental Conductance M ethod

The incremental conductance method seeks to overdbm limitations of the Perturb &

Observe method. This algorithm uses the conditian the derivative of power with respect
to voltage at the maximum power point is zero.his method the current changes with the
change in irradiance and temperature. In the inergah conductance method the PV model
operates at maximum power when the reference witageached. The algorithm tracks the

new MPP with varying the duty cycle.
The equations written below are describes the mergal conductance algorithm
P=V*| 3.1

Deriving both sides with respect to V, we have:

dp _d(V.I)

v av

ﬁzv*(d_ljﬂ*(d_q

dv dv dv

£:I +V*(iJ 3.2
dv dv

Since, it is known that

dP_O

- = 3.3
dv

Now it can be written as:
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From equation 3.4 it can be written that

i +I_ =0 3.5
dav Vv
Here equation (3.5) is used and its output is €edr integral regulator which corrects the

duty cycle. The incremental regulator minimizes ﬂfreor(g—\ll+\l—/j The duty cycle is

varied and this variation varies the boost convevtdtage. The PV array will operate at

maximum power with the duty cycle controlled thradgPPT controller.
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Fig: 3.2 PV curve of SunPower SPR-305-WHT
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Return

Fig: 3.3 Flow chart of Incremental Conducia Algorithm

This is the flowchart of INC method. The computatibsteps are as follows.
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» Step 1: Measure the voltage and current from thePay and calculate the power

» Step 2: First calculate the change in current. Tdrertk the voltage change.

» Step 3: If there is no voltage change then vehgy durrent, if there is no change then
go to step 7

 Step 4: If there is a change in current, then yewhether it is increasing or
decreasing, if increasing then reduce the dutyorand if it is decreasing then
increase the duty ratio and go to step 7

» Step 5: If there is some change in voltage thercichke change in current with
respect to voltage and compare it with the ratiewfent to voltage. If it is equal to
the I/V ratio then go to step 7

» Step 6: If the dI/dV is increasing to I/V then reduhe duty ratio and to go to step 7,
if dI/dV is decreasing to I/V then increase theyduattio and go to step 7

» Step 7: Return the value.

For the purpose of the thesis work the SIMULINKesggntation of this INC MPPT method

is shown and discussed in Chapter 6.
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CHAPTER 4
DC-DC BOOST CONVERTER

The PV array produces DC voltage at its output ireain The DC-DC converter converts the
output voltage from PV array into a higher valueD& voltage. The maximum power point

tracker controls the DC-DC converter to track tb#age at the maximum power point.
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Fig: 4.1 DC-DC Boost Converter

The above figure shows the boost converter. TheiripQt is in series with an inductor L
which acts as a current source. IGBT is in paraligh the current source and is switched on
and off periodically. The voltage ratio for a boasinverter is the time integral of the

inductor voltage over a switching period to zerd][Z'he voltage ratio of the converter can
be written as:

Voo To_ 1 4.1
V ty 1-D |
Where,

* V= Input voltage V

Vo= Output voltage
tor= Off time of the IGBT

Ts= Switching period

D= The duty cycle

The value of the capacitor.@t the output terminal is chosen to be large &pka constant

output voltage, and when the switch is open thectm supplies energy boosting the voltage
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across the load. The MPPT controller controls thigching device through the duty cycle. It

is a gate signal that turns on and off the devicplise width modulation.

L
_4’—I/-HW . —
i:L i b
L
! C-".r T D
Vi T W Ve a
d
Fig: 4.1 (a) IGBT is ON and diode D1 is OFF
L
g YT YN
+ i i +
ic
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c2 1 o
Vi T Vo |a
d

Fig: 4.1 (b) IGBT is OFF and diode D1 is ON

In Fig. 4.1(a) IGBT is on and diode D1 is off, weas in Fig. 4.1(b) the IGBT is off and
diode D1 is on. In this mode, the energy is stanetthe inductor along with DC supply. This
will help to supplement power for the circuit ragul in a boost for the output voltage.

v, =V, ; When IGBT is on
v, =V, -V, when IGBT is off and diode D1 is ON

Under stabilized condition the integral of the inothr voltage over the time periog as to

be zero

So,
Tva(t)olt =(V)DTs+(V, -V, )(1-D)Ts
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If we equate this to zero, we get

Since(P =R)

2=1-D

From the above relationship it can be stated tiabutput voltage is proportional to the duty

cycle D. The output voltage increases as D inceaBeus the boost converter can produce

the output voltage higher than the input voltage.

This converter can operate in two different modesntinuous conduction mode (CCM) and

discontinuous conduction mode (DCM).

4.1 Continuous Conduction Mode (CCM):

In the CCM mode the IGBT switched on for a perigadas shown in figure 4.2. The inductor

current is positive and ramp up linearly and thaéuictor voltage i9/i. The inductor current

decrease until the IGBT is turned on again durimg mext cycle. The voltage across the

inductor is the difference betwe®handVo.

'

VL

ton tosr

Ts

(Vi=Vo)

Fig: 4.2 Continuous Conduction Mode [24]
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4.2 Discontinuous Conduction Mode (DCM):

If the current flowing through the inductor falle zero before the next turn-on of the

switching IGBT, then the boost converter is saidb® operating in the discontinuous
conduction mode.

The relation between the input and output voltagmoine

D, +D
Dl

<|<

The average input current which is equal to the@bar current is [24]

| :%DTS(D+D1)

&
VL
0 | -
DT: -
-l - DiTs |
(Vi-Vo) |
-

Ts F|

Fig: 4.3 Discontinuous Conduction Mode [24]
Figure 4.4 briefly explains the output current andput voltage of the boost converter. The
control voltage for IGBTis shown. The switch turns ON and OFF for a peabth, andto.
When the switch is on, the voltage across the smw#zero and once the switch is turned off,

the voltage is V. The voltage across the inductoris equal to the photovoltaic voltage
during the on time of the transistor.
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CHAPTER S

INVERTER TOPOLOGY

The main purpose of the inverter is to convert @ voltage obtained from DC-DC
converter into a symmetrical ac output voltage efickd magnitude and frequency. By
varying the gain of the inverter a variable outpuitage can be obtained, which is
accomplished by pulse width modulation (PWM) cohtvihin the inverter. The gain of the
inverter may be defined by the ratio of the ac atywltage to dc input voltage. For higher
power application three-phase inverters are nogmaled. Three single-phase inverters can
be connected in parallel as shown in Fig 5.1

T Ws T
o o]
Imverter ok
1
L
Irverter ob
2
.,
C
loverter : . } OC
WVen
F
1

Fig: 5.1 Three phase inverter

Power electronic inverter is often known as powanditioning unit. It connects the utility
grid with the PV source. Selection of a proper poekectronic arrangement reduces the

number of stages in the system, which makes thdendystem more economical. Reference
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[35] provides a survey on the structure of powectbnic interface used in three-phase grid
connected PV systems on how the boost convertamolled. After thorough investigation

of various inverters, VSI has been found to bentlost suitable for integrating PV arrays into
the utility grid. Fig 5.2 (a) gives a schematicgtem of VSI topology connected to three

phase grid.
p— “ ﬂ(G ﬁG L Grid
PV c G YV f—
Panel AAAR % I

1343 143 or

Fig: 5.2 (a) Voltage Source Inverter

VSI topology provides a simple and effective cohtexhnique and well established Pulse
Width Modulation techniques. One major drawback\u 8l is the buck topology. VSI
requires sufficiently high voltage for proper fulcing. Therefore boost converter is
employed between the DC source and VSI during lgput voltage. Fig 5.2 (b) shows the
connection between the VSI and a boost converterth® other hand, the topology that has
been less investigated and adopted when compatbdABI for grid-interface application is
Current Source Inverter (CSI) topology. Fig 3.2 ¢bpws the schematic diagram of CSI.
Recently a new topology named “Impedance-InverterZ-source inverter has been adopted
for interfacing distributed generation. The spededture of this type of inverter is that it
overcomes the limitations of the traditional VSIlda@SI scheme and it can capable to
perform the operations in both buck and boost modgsglications of Z-source inverter in
the grid connected PV system is at a very earlyest&ince this type of inverter is capable of
operating in both buck and boost mode, a comparatiwdy between buck boost inverter and
Z-source for PV application is carried out in [3B1.[36] it is shown that the efficiency of Z-
source inverter drops more rapidly for high loadmpared to that of buck-boost converter.
Though the Z-source inverter can operate bothap ap and step down mode it brings more

complexity compared with single stage grid conng&¥ system based on VSI or CSI.

31



N 343 43 .t @

|3 e 1
13 43 0
Fig: 3.2 (b) Voltage Source Inverter with a boastwerter
) ﬂg T4 .
*@; L 1

Fig: 5.2 (c) Current Source Inverter
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Due to lower efficiency CSI scheme lags behind tdra¥Sl in DG application. High energy
losses in DC-link inverter and less investigateprapriate PWM switching strategies are its
drawback. Recent developments in RB-IGBT (Revereeking Insulated Gate Bipolar
Junction Transistor) have contributed towards reduwmonduction losses in CSI. RB-IGBT is
special type of IGBT whose structure is similactmventional IGBT except for the fact that

it has a collector isolation area that allows B8T to block reverse voltage.

5.1 Comparison between CSI and VS| scheme

The CSI topology offers so many advantages oveitetopology from the viewpoints of
short circuit current limiting, harmonics and loss€SI offers direct controllability of the
output current. Moreover CSI provides high religpibllue to inherent short circuit current
protection capability. The DC link reactor, which the link between DG and inverter has
longer lifetime in CSI than in VSI. As mentionedtire above a high input voltage is required
for stable operation of VSI. Hence grid connecte8ll Yhay require an additional DC-DC
boost converter if a transformer is not used. HeraxXSI| offers some advantages over CSI
topology regarding efficiency and ease of contihe control scheme and pulse width
modulation techniques for VSI topology are moreaesthed and more thoroughly

investigated when compared to those for CSI. FOCF3 (Flexible AC Transmission
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System) application, [37] presents a systematic pasison of these two topologies VSC
(Voltage Source Converter) and CSC (Current Sowoaverter). In [39] there is a
comparison between VSC boost converter topologh witsingle stage CSI topology with
IGBT switches. Here the analysis shows that in seaflosses IGBT based voltage source
converter combined with boost converter schemedremdvantageous compared to current
source inverter for fuel cell application. Owingtles advantage and more established PWM

technique, for our work, VSI has been used to faterthe PV array with the utility grid.

5.2 Voltage-Sourced Converter (VSC)

p
e

Vde/Z]

DC

System

Vdc-"»“:

T
|
|
|
|
|
|
|
|

Fig: 5.3 Circuit diagram

This is the basic circuit diagram of single phaa® tevel voltage source converter. It
comprises an upper switch cell and a lower switelh &ach switch cell is composed of a
fully controllable, unidirectional switch in antidlel connection with a diode. The DC
system that maintains the net voltage of the spltacitor can be a DC source battery or a
more elaborate configuration such as the DC sidbetonverter. The switched AC voltage
at any instant is either at the voltage of p nodatdhe voltage of node n depending on which
cell is on. The fundamental component of the A sidltage is usually controlled based on

a pulse width modulation (PWM) technique [28].
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Fig: 5.4 VSC interfaced system

Fig. 5.4 above shows the Voltage source convevt8C| interfacing the PV system with the
AC grid. VSC convert the DC voltage obtained frdre DC-DC converter into AC voltage.
VSC is connected through two identical DC link witie boost converter. Midpoint link is
chosen for voltage reference node. The connecetwden the AC side terminal and supply
system is established through an interface reambosisting of a series combination of
resistance and inductance. The voltage at AC sid€SE is a switched waveform and
contains voltage ripple. Thus the interface reaatts as a filter and ensures a low ripple AC-

side current [28].

5.3 Control of Voltage Sourced Converter

wt
Viabe_prim
8 o Wl
Vebe_pim Vv pri Vel mes Pulses
Uabe_ref Uref P
.—hu Iabe_prim N . v
= Ielq_prim P ldig_mes Velvg_cony P VdVg conv I
labe_pim PV e ey PWM Generator
PLL % Measuramani et (3-Lavel)

Uabe_ref Generafion
Current Hegulalor max (m) =1

Fig: 5.5 Model of VSC Controller
Fig. 5.5 shows the detailed Simulink model of VS®@teoller. The VSC control system uses

two control loops: an external control loop whiggulates DC link voltage and an internal

control loop which regulates Id and Iq grid cursentl (active current component) current
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reference is the output of the DC voltage extecoaltroller. Iq (reactive current component)
current reference is set to zero in order to mainsaity power factor. Vd (active voltage

component) and Vg (reactive voltage componentagaltoutputs of the current controller are
converted to three modulating signals Uabc_ref isetthe PWM Generator.

Compared to the abc-control frame, tbg - control frame of a grid-imposed frequency
VSC systems reduces the number of plants to bedlea from three to two. Moreover,
instantaneous decoupled control of the real anctiveapower, exchanged between the VSC
system and the AC system is possiblegj-frame. dg- control frame of a grid imposed
VSC system features all the meritsaf - frame, in addition to the advantage that the r@bnt
variables are DC quantities in steady state. Téaduire facilitates the compensator design,
especially in variable frequency schemes. Indhe control frame, zero steady state error is
readily achieved by including integral terms in twnmpensator since the control variables
are DC quantities. Compared to tlg8- control frame thedq- control frame requires a
synchronizing mechanism that is usually achievedudph the phase locked loop (PLL). This

mechanism is used in this control scheme.

e
abc - =©1
PLL wi
(3ph)
K- . abe =
-
Vabc_prim aqe ;"‘-l
: VdVg_prim
Vespua abc todqo E
Goto
K- abc
[C— o
labc_prim ‘—b dg E\l 'Idl@
rfim
V->put abc o dqt &P
Fig: 5.6

Fig. 5.6 shows the detailed model of phase lockeg (PLL) block. This block provides a

synchronization mechanism. In thdgframe, the PLL block estimated the angle of grid

voltage. The real and reactive component voltageaissformed to d (real) and q (reactive)

axis component

Two main methods exist for controlling active povaed reactive power in the VSC system.

One is voltage mode control and another is cumreade control. The voltage mode control is
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simple and has a low number of control loops. k& thirrent mode control mode real and
reactive power are controlled by the line curremmponent Id and Ig. The feedback and

feed-forward signals are first transformed to tllg-frame and then processed by
compensators to produce control signals dg-frame. Finally the control signals are

transformed to thabc-frame and fed into VSC.

Fig 5.7 shows the model of voltage regulator. Apprtional integral (Pl) compensator is

used to track the reference value of current.

>

Vdc ret
- Vdc ret

Goto

Fig: 5.7 Model of Voltage Regulator
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Fig: 5.8 Model of Current Regulator
Fig. 5.8 shows the block diagram of current regulatock.
Where
Ltot = Lx f0 + I-choke 51(a)
I:etot = Rx fO + I:%hoke Sl(b)
 L,, R =Transformer leakage inductance and resistance
Lyoe Rioe= 1Nductance and resistance of series RL branch
—_ * * d
Vo =Vames F1a* R L+La( l) 5.2
d
Voeom) = Vamesy Tla *L+1,* R+ La( 1) 5.3
Where

Vd(conv) @ndVgeonv) are the converted voltage

Vu andVgq are the output signals of current controller whigltonverted to three modulating

signals and it is delivered to pulse width modwlatsignal generator through a unit delay
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keeping the modulation index (m) not greater thafri@. 5.9 shows the detailed model of

PWM generator block of the voltage source converter

D0 g
ok : Vdv_conv > ‘R? ral Sefurafion IR )
" \p Usbe ref
0
Wnom_sac*syri(2)/agn(3)
O——
W
[0 -2%pif3 2'pif3 )
il b+
(Corection for fransformer
D1 connaction) b+
Ts'From{(2*pi)

(Correction for delai of Ts_Contral)

Fig: 5.9
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CHAPTER 6

SIMULATION AND RESULTS

The photovoltaic model in chapter 2 is used tordeitee the performance of the photovoltaic
system with boost converter and voltage sourced/axoer, while being connected to the
utility grid. The following sections deal with eaand every aspect of simulating the MPPT
algorithm to the utility grid.

6.1 Simulation of MPPT Algorithms

In chapter 3 the Incremental Conductance MPPT #lgorwas introduced and discussed.
The following section describes the SIMULINK mod#l this method. The output of this
MPPT algorithm controls the duty cycle of boost wenter and thus helps in tracking the
maximum obtainable power from the PV arrays un@eyimg irradiance and temperature.

6.1.2 Incremental Conductance (INC) M ethod

Figure 6.1(a) and 6.1(b) shows the Simulink moddN& algorithm and the corresponding

generation of pulses to control the DC-DC boostveater. The voltage and current obtained
from the PV array are fed to the MPPT algorithmrgmut signals. The differential value of

current and voltage is obtained by the Fourierdgi@mation block of input signal. Simulink

switches are employed here to route the signalesired way by comparing them with their
threshold value. In Fig 6.1 (a) we see that thévdtve of input value along with mean value
of the input quantities are fed to an addition kloAfter that a switching operation is

performed. The value is then fed to a dead zonekbio compare both the signals. After
increasing the gain the output of the dead zonekkfed to discrete time integrator.

Fig: 6.1 (a)
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Fig: 6.1 (b) MPPT block for Incremental Conductaiethod

d |
The purpose of this integrator is to minimize tmme(w +Vj , thus making the sum as

close to zero as possible and hence ensuring lileaPY array always operates near the
maximum power point. The on/off port takes inpuainfrthe user and accordingly the user can
operate maximum power tracker at desired timehikdase it is kept at 0.0 sec.

6.2 Simulation of Boost Converter

Fig 6.2(a) shows the Simulink model of boost cotererPhotovoltaic output voltage is the

input voltage to the boost converter. The MPPT mdletr sends the switching command to
the transistor of the boost converter.

o — L ] - T . e
1 Diode i
Cc2
(v ] T
= - el Vde g TS
:[— IGBT _|jj =
Gotd/oltage Measurement1
_— T o
T
& T; ®

Fig: 6.2(a) DC-DC Boost Converter

The maximum power point controller block as usethaincremental conductance method is
shown in figure 6.1 (b). The voltage and the curadnthe photovoltaic array are the input,

and the duty cycle is the output. The duty cycleampared to a saw tooth wave signal to
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generate the PWM as shown in Fig 6.2 (b). The sagppirequency of the sawtooth
waveform generator is 5000 Hz. The desired dutylecpyan be entered into the PWM
generator as can be seen from the Dinit blockgn &il(a). In our case the Dinit value is 0.5.

D

Compare To Zero

_ AND L doubl 1
7 o e B B B

Logical Operator

Sawtooth Fen Relational
Operator
Generator
Fig: 6.2 (b)

6.3 Voltage Sour ce Converter

Fig 6.3(a) shows the block diagram of PV array emted with the AC utility grid through an

inverter topology and fig 6.3(b) shows the modeM8C control. These two models are

already discussed in section 5.2 and 5.3 in ch&pter

i
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A | —
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B [e——
i — T o
3 Three-Level Bridge
o |

Fig: 6.3 (a) VSI
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VSC Control
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Fig: 6.3 (b)

6.4 Interfacing with AC Power Supply

The PV array is coupled with a boost converter.eAfthat there is a power electronic
interfacing which converts the DC quantity into A@lue and is connected to the grid. This
is seen in Fig 6.4 (a). As described earlier inptiia5 section 5.1, the inductor reduces the
ripple content of the inverter output voltage. Taection of the capacitor bank in Fig. 6.4 (a)
is to reduce the harmonic content of the invertgpot voltage. Since the utility grid is a 10
MVA 50 Hz system hence the 240 V filtered inverdetput voltage is stepped up to 11 kV
through a 10 kVA, 50 Hz step up transformer.

Since the inverter output voltage will depend upom voltage and current of the utility grid,
hence some sort of feedback mechanism is requirki is seen in Fig. 6.3 (b). The
Simulink model that measures the power voltageamcent fed to the AC supply is shown
in Fig 6.4 (a). The three phase voltage and curaeritlock Bl is fed to a power positive
sequence block to get the active and reactive povdermination block is used here to
terminate the reactive power signal. Two seleclochis used to get the voltage and current

of a particular phase. This is shown in Fig. 6.4 (b
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Fig: 6.4 (a) Simulation model of PV array connedtedtility grid.
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Fig: 6.4 (b)
6.5 Result & Discussions
The simulation presents an analysis of the PV aohy00 kW with boost converter

connected with utility supply. The PV system partané already mentioned in Table 2.1 in
chapter 2. Simulation run time 2.5 seconds. Samgime islys .

6.5.1 Power obtained from PV array

At the beginning of simulation the sun irradiatisrset at G= 1000W/frand temperature is
set at 28C. The desired output power of PV array should @@ KW at 1000W/rirradiance
and 500 W at 500W/firradiance. This has been achieved by our sinaratiodel as shown
in Fig. 6.5 (a).
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Fig: 6.5 (a)
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At the end of simulation the PV array generatesiadal00.71 kW power at an irradiance of
1000W/nt and at temperature of @5, With the variation in temperature it may varig B.5
(b) represents the output power of PV array.

Qutput Power of PY array

120 T T

@ = =
=] & =]
T T I
|
1
1
1
1

ay Output Power (kW)

P arr
.
=)
I

[
=]
T

(=]

o

05 1 15 2 25
time (sec)

Fig: 6.5 (b)

Fig. 6.5 (c) represents the PV array mean voltAgend of simulation the PV mean voltage
IS 274.44 V.

bean Voltage of P array
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Fig 6.5(c)

Fig 6.5 (d) represents the duty cycle which is feised to generate pulses to control the DC-
DC boost converter. There is a change in the dytlecafter 0.4 sec because at this moment
the MPPT controller comes into operation and trabhksmaximum power point but since the
irradiance is constant, after this moment theneoichange in the duty cycle and it remains
fixed as shown in Fig. 6.5 (d).
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Duty Cycle of DC-DC Converter
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Fig: 6.5 (e)

Fig. 6.5 (e) represents the irradiance. It shows tie irradiance is set at 1000kW/far this

simulation.
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Fig: 6.5 (f)
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Fig. 6.5 (f) represents the ambient temperatur¢hef PV array. It can be seen that the

temperature of the PV array is kept fixed at@5
6.5.2 Voltage Sour ce Converter output

Fig 6.5 (g) shows the output of voltage source eotv. The output voltage of Voltage
source converter (VSC) is around the 500 V voltagek as prescribed by the output of the

boost converter.
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=200
=400

Fig 6.5 (g)

Modulation Indesx

Modulation Index
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Fig: 6.5 (h)

Modulation index is the ratio of peak magnitudeshaf modulating waveform and the carrier
waveform. It relates the inverter's dc-link voltaged the magnitude of pole voltage
(fundamental component) output by the invertemiist not be greater than 1. Fig. 6.5 (h)
represents the modulation index of the inverter iansl found that the modulation index is

well below 1 thus validating our design.
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Fig 6.5(i) represents the power input in kW whishfad to the AC supply. It can be shown
from the figure that the PV array will deliver 99.@W power to the utility grid. The figure
shows the amount of power delivered to the utditig.

Power Supplied to the Grid
I T

120

Grid Power

04 1 15 2 25
time (sec)

Fig. 6.5 (i)

The irradiance is then varied as shown in Fig.jp&fd the ambient temperature is kept
constant at 25° C. The MPPT controller block of B\ array is able to track the available
maximum power point irrespective of the variatiarthe irradiance and thus provide the grid

with the required amount of power. This is showifrig. 6.5 (K).
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Fig. 6.5 (j)
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Correspondingly the voltage output of the PV aigglso varying along with the duty cycle
of the DC-DC boost converter. Fig. 6.5 (I) and Fdh (m) are showing these two features.
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Figure 6.5 (n) shows the variation in the powewirtp the grid.
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The figures above clearly describe that our objectias been achieved. The PV array
designed is giving the desired result of 100.71 g@wer into the grid and the grid is
receiving a power of 99.07 kW. The only drawbackttof simulation is that the filtered

inverter output voltage has a higher THD than th@nable value. This is shown in Fig. 6.5

(0).
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Mag (% of Fundamental)

Fundamental (60Hz) = 215.9 . THD= 9.19%
T T T T

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Fig. 6.5(0)

50

25



CHAPTER 7

CONCLUSION AND SCOPE OF FUTURE WORK

7.1 Conclusion

In this thesis, modeling of grid connected PV amaing SIMULINK/MATLAB has been
carried out. Modeling of an accurate PV cell hagags appeared as a challenge, more so
when the PV module is used to simulate PV arragsRM Panels. This research addresses
both issues by simulating a comprehensive modd&immulink that takes into consideration
the most important elements in a PV cell, arrapamel. From the theory of the photovoltaic
cells, a mathematical model of the PV array has Ipeesented. The model is entirely based
on the datasheet parameters given by the manuéacitinen, the photovoltaic systems with
DC-DC boost converter, maximum power point conémotlonnected to AC supply through a
voltage source converter have been designed. ¥irthlk system has been simulated with
Simulink /MATLAB.

The simulation of the PV panels shows that the Eted models are accurate to determine
the voltage current characteristics of commercialigilable PV panels as the characteristics
obtained from simulation are almost the same asngim the manufacturer's datasheet. In
addition, with change in the irradiance or tempe®tthe PV array models output voltage
and current also changes in accordance with thieedegerformance. The simulation shows
that the Incremental Conductance algorithm carktthe maximum power point of the PV
array and it always run at maximum power point ungeying operating conditions. The
results showed that the algorithm delivered efficieclose to 100% in steady state.

The contribution of this thesis includes the foliow

Design of Simulink PV module.

MPPT method is coupled with a DC-DC boost convarte&imulink.

Implementation of voltage source converter andotstrol using the PLL block.

P w0 P

Model validation.

7.2 Future Scope of Work

The Simulink model of the PV array could be usedha future for extended study with
different MPP methods and DC/DC converter topoldifferent type of voltage control
methods can be implemented to keep the boost demveatput voltage ripple free. The

simulation of PV system with various types of irneertopologies for grid interfacing can be
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investigated. Apart from the VSI topology the C8pdlogy can also be investigated and
corresponding PWM techniques can also be developed.

Since the power electronic interfacing uses powectenic switches hence the effect of
harmonics on the grid voltage can be studied iane¢o the connection of PV system with
the grid as the ultimate goal of each and evetityis to supply its consumer with the best
quality power.

The PV interfacing that we have studied is a st@ode system. The same PV module can be
utilized to charge a battery bank and then cannberfaced with the utility grid. This
increases the reliability of the PV systems. Maegearch areas are being directed to this
particular aspect.

Further studies can still be done with PV systemrésearch purposes and a detailed PV

simulator might be useful for educational and labany purposes.
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SUNPOWER

E18 / 305 SOLAR PANEL

EXCEPTIONAL EFFICIENCY AND PERFORMANCE

BENEFITS

Highest Efficiency

SunPower™ Solar Panels are the most
efficient photovoltaic panels on the
market today.

More Power

Our panels produce more power in
the same amount of space—up to 50%
more than conventional designs and
100% more than thin film solar panels.

Reduced Installation Cost

More power per panel means fewer
panels per install. This saves both time
and money.

Reliable and Robust Design

Proven materials, tempered front glass,
and a sturdy anodised frame allow
panel fo operate reliably in multiple
mounting configurations.

SPR-305E-WHT-D

The SunPower™ 205 Sclar Panel provides today’s highest efficiency
and performance. Utilising 96 SunPower all backcontact solar cells,
the SunPower 305 delivers a total panel conversion efficiency of
18,7%. The 305 panel's reduced voltage-temperature coefficient, ani-
reflective glass and exceptional low-light performance attributes pravide

outstending energy delivery per peak power walt.

SunPower’s High Efficiency Advantage

20% 18% 19%
159% 14%
10%
10%
5%
0% '
Thin Film Conventional SunPower SunPower

E18 Series E19 Series

|:| PV €YCLE
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SUNPOWER E18 / 305 SOLAR PANEL

EXCEPTIONAL EFFICIENCY AND PERFORMANCE

Eledtrical Data I-V Curve
Measuiad at Standard Tast Candifions (5TC): Iadiancs 1000W/m?, A0 1,5, and cslltamparaturs 25°C
7
Nominal Power (+5/-3%) P 305W
) — = ;
Efficiency n 18,7 % 5 1000 W/ v
Rated Volrage Vinpp 547V = 4 Wi Bl
c
g
Rated Cument ‘mpp 558 A £ 3
=
Open Circuit Yoluge Yoo 642V 2
Shert Cireuit Current e 596 A 1
200 W/m? \
Maximum System Yoltuge IEC 1000V e
Te Coeff P P 0,38% /K ° 10 n 30 o 0 % 7
u s 0,389
emperature Coeffident ower (P) \k!lfﬂge i
Yoltage (¥ o) S176,6mY /K
Current/oltage characteristics with dependerce on iradiance ard module femperature.
Current (g 3.5mA /K
NOCT 45°Caf2 C Tested Operating Conditions
Series Fuse Reting 154 Temperature -40° C 1o +85° C
Limiting Reverse Current (3-strings) . 14,9 A N laad 550 kg / m? (5400 Pa), front (e.g. snow)
w / specified mounting configurations
: 2 B ;
Electrical Data 245 kg / m? {2400 Pa) front and back - e.g. wind
Measured at Mominal Operating Call Temperaturs (NGCT): rradianes SE0W /me, 207 C, wind 1 mfs lhigact Resistarice Heil - 25 mm ar 23 m/s
Nominal Power Prsii 227 W
Rated Yokage Vi 50,4y Warranfies and Certifications
Rated Curmrent Impp 4,49 A Warrarties 25 year limited power warmanty
Open Circuit Voltage Yoc 0,1V 10 year limited product warranty
Shert Circuit Currant Iy 4,824 Certifications IEC 61215 Ed. 2, IEC 61730 (SCII)

Mechanical Data

Solar Cells #% SunPower allback cortact monocrystalline Output Cables  1000mm langth cables / MuliContact (MCA] conradtors
Front Glass high transmission tempered glass with anfi-reflective (AR) codting
Frame Anodised aluminium alloy type 803 (black)
Junetion Bex IP-65 rated with 3 bypass dicdes
322155 x 128 {mm) Weight 18,8 kg
Dimensions

= Grounding Holes

MARA —=
(1N}

sunpowercorp.com

SUNPCAWER and the SUNPCHYER loge are ademarks o regiskred tademarks of Sunfower Corporation Australic: sunpowercorp.com.au
@ Ssplember 2010 SunPower Corporation. Al rights ressrved. Specifications inclded in this datmshest are subject o change without notice. Document #001-864025 Rev*™ / Ad_EN
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