Abstract

Photovoltaic system generates electricityhmy direct conversion of the
sun's energy and it is a modular system becausehiiilt out of several
pieces of elements. The theoretical studies of RY¥ rmodeling techniques
using equivalent electric circuits carried out dhd characteristics of PV
cell have been investigated. The new model of Pplemented in pspice
program, the optimum voltage was (17volt) and optimcurrent was
(4.41Ampere).

This model is used in the DC-DC converter Whias the following
characteristics, the variable output voltage is5Y112V), switching
frequency (20 kHz), duty cycle (0.1- 0.7) and thetpot power (1W-
41.6W), the system has been design and tested figepprogram. The
application of PV and battery implement in the DC-Eonverter, the results
of the converter simulation obtained from both twput show a good

agreement.
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CHAPTER ONE

| ntroduction

1-1 Introduction

The conventional energy sources, obtained foamenvironment, tend to
exhaust with relative rapidly due to its irrationdilization by the humanity.
This uncontrolled extraction of the natural enesgieertainly will lead the
harmony of our ecological system to the instahilltyis important to point
out, that if it occurs the recuperation of this teys will be practically

impossiblefl]

An a consequence of this possibility, the appnsion for a diminution of
the petroleum sources, natural gas and naturaures® of coal has been
intensified. For this reason, the effort to findwsources of energy, to permit
reduction in the utilization of the natural resasgcof fuel, became a
challenge for all scientific and technological ar@athe world, and especially

for the electrical engineering arfih.

Within this content, the solar energy appearan important alternative to
the increase of the energetic consumption of theqd| once that, the quantity
of the energy from the sun that arrives on theheanrface in a day is ten
times more than the total energy consumed forhaldeople of our planet
during a yeatfi]

Through the photovoltaic effect the energytaored in the sunlight can be
converted directly into electrical energy. This hwet of energy conversion

presents some advantages, such as:



« Simplicity.

» Does not exist any moving mechanical parts.

 Its modular characteristic offers large flexibilitythe design and
application of this kind of energy generator.

« Short time of installation and operation.

« High reliability and low maintenandd.

1-2 The Photovoltaic System

A photovoltaic (PV) system generates eleityrioy the direct conversion
of the sun's energy into electricity. This simpleinpiple involves
sophisticated technology that is used to buildcedfit devices, namely solar
cells, which are the key components of a PV systamd requires
semiconductor processing techniques in order tméeufactured at low cost
and high efficiency. The understanding of how saklts produce electricity
from detailed device equations is beyond the sadphis research, but the
proper understanding of the electrical output cttersstics of solar cells is a

basic foundation on which this research is bja]lt.

A photovoltaic system is a modular systemabse it is built out of
several pieces or elements, which have to be scgled build larger systems
or scaled down to build smaller systems. Photowokgstems are found in
the Megawatt range and in milliwatt range produceigctricity for very
different uses and applications: from a wristwatcha communication

satellite or grid connecteld]

The elements and components of a PV systeithanghotovoltaic devices

themselves, or solar cells packaged and connectadsuitable form and the



electronic equipment required to interface the esysto the other system

components, namely:

» storage element in standalone systems;
» the grid in grid-connected systems;

e AC or DC loads, by suitable DC/DC converters or BClinverters.

Specific constraints must be taken into accountherdesign and sizing of
these systems and specific models have to be dmalto simulate the

electrical behavio[2]

1-3 Solar Cells

A solar cell is a PN junction device with noltage directly applied across
the junction. The solar cell converts photon poiméo electrical power and
delivers this power to a load. Junction devices aseally known as
photovoltaic cells or solar cells, although, thertés a misnomer in the sense
that it the current that is produced by the radrmatphotons and not the
"voltage". The cell itself provides the source dW¥E (by electric field
produced by space charge). It is to be noted thatoglectric devices are

electrical current sources driven by a flux of eaitin [3]

Photovoltaic generation of power is causedrégiation that separate
positive and negative charge carriers in absorbiatgrial. In the presence of
an electric field, these charges can produce awguifor use in an external
circuit. Such fields exist permanently at junctiomsin homogeneities in
materials as "built-in" electric fields and provithkee required EMF for useful

power productior]3]



1-4 DC-DC Converters

DC-DC converters are widely used in power $y@pplications. Their
ability to convert and stabilize dc voltage in aefu$ manner. DC-DC
converters are often used together with rectiftersonvert ac voltage to a
regulated dc. There are two basic converter topespghe step-up (boost)
and the step-down (buck). By combining them a numbtk different

converters could be buijt]

1-5 Multiple-Input DC-DC Converters

Recently, the zero-emission electric poweregation system has been
developed aggressively to exploit clean energyuess such as the solar
array, wind generator, fuel cell, and so forthtHis case, the multiple-input
dc-dc converter is useful to combine several inpotver sources whose
voltage levels and/or power capacity are diffelard to get regulated output

voltage for the load from thefg]

1-6 Pspice

There are several circuit simulators availablelenrharket such as SPICE,
EMTP and SABER among several ottefsIn this thesis a spice simulator is
used, pspice. A spice stands for simulation progvath integrated circuit

emphasis.

By modeling PV system components by their eajent electronic
circuits, one can use pspice to run simulation aedfy the impact of

different topologies and control techniques onsystem[7]



1-7 Literature Survey

Practical solar cells have only been availsintee the mid 1950's, but the

phenomenon was discovered by French scientist Hagiierel in 1839

Charles Fritts (1883), an American invent@satibed the first solar cells
made from selenium wafers. In 1914 the existenca barrier layer in PV
devices was noted. Albert Einstein (1921) wins Nhabel Prize for his

theories explaining the photovoltaic effdgit.

Silicon solar cells are by far the most widebed and were first developed
in 1954.Their main use has been for providing polgersatellites since the

1957 launching of sputnife]

In 1963 Sharp Corporation succeeds in prodgusilicon PV modulegg]

Simulation programs running on digital compsiteallow computer
designers to predict the operation of new chipgysEace engineers to predict
the characteristics of new air frames, and buildiegigners to predict the

thermal characteristics of new building, all withdwilding anything[10]

Dave Turcott et.al (2001), presents the cursatus of PV system
software tools by surveying and categorizing sorhéhe most common
programs available today. Following this, it asessthe needs for future
development in simulation and sizing softwiiie.

Greg Waldo et.al (2002), their solar modehsists of four "G table"
voltage to current sources wired in parallel. ThaaBle part contains the

current vs. voltage valudsl|



Intusoft (2005), show that for simulator, tBe diode coupled with a
photocurrent generator and ohmic resistance daegitk. It's assumed that
solar cells are connected in series to achieveldélseed open circuit voltage.
Rather than connecting many diodes in series, @rs/enient to scale the

spice diode modgL2]

A.Aziz et.al (2006), focused in this paperhmw to create a special library
of some marketed solar panels in the orcad-pspiegament using the
futures provided by the foundfs

Hirofumi Matsuo et.al (2004), show that in thero-emission electric
power generation system, a multiple-input DC-DC veoter is useful to
obtain the regulated output voltage from sevenaliirpower sources such as a
solar array, wind generator, fuel cfg).

Nicolas D. Benavides et.al (2005), discusseruse of a multiple-input
buck-boost converter for budgeting power betwediem@dint energy sources.
It is shown mathematically that the idealized coterecan accommodate
arbitrary power commands for each input source evhiaintaining a
prescribed output voltage. Power budgeting is destnated experimentally
for a real converter under various circumstanceguding a two-input (solar

and line powered) systefm]

1-8 Thesis Overviews

In chapter one of the thesis, issues relate\ system requirement are
identified, also a historical review was presentedshow the extent of

research interest in this field.



Chapter two describes the principles and teetcal parameters of the
PV cell (short circuit current, open circuit voliggnaximum power and fill
factor), and then pspice model for PV cell was @nésd.

The simulation of the PV panel within the argaspice simulator is
presented in chapter three. The results from thiapter are used to

investigate PV model validity as presented in chiafaiur.

Finally chapter five gives the conclusions andgestions to continue and
to extend this work in the future.

1-9 The aim of thesis

This thesis provides theoretical studies to buWMdnkRodeling techniques of
type SP75 using equivalent electric circuits. Ttep slown (buck) converter
with two selective inputs is designed to test thé rRodel validity. After
modeling and simulating the PV panel model, thiddetowill be tested as
input source to the buck converter and compareeisilits with that from
battery.



CHAPTER TWO

Fundamental of Characteristics of thePV & Converters

2-1 Introduction

A majority of PV cells are Si semiconductor junatidevices, thus in order
to study the PV cells should have an understandinghe basics of the
junction diodes. Details are also given of the RAll parameters (Short
Circuit Current Isc, Open Circuit Voltage Voc, Mexum power Pmax and
Fill Factor FF).

The |-V characteristics are analytically dédsed and pspice models are
introduced firstly for the simplest model. Thenjsitgeneralized to take into

account series resistance losses.

Also, the buck converter with multimode opgratis presented here, in
order to calculate the inductance and capacitahae is suitable for the

optimum value of the PV model.

2-2 P-N Junction

The basic requirement for photovoltaic energy cosioa is an electronic
asymmetry in the semiconductor structure knownuastjon. When n-type
and p-type semiconductors are brought in conthen telectrons from n-
region near the junction would flow to the p-typenmsconductor leaving
behind a layer which is positively charged. Sinildroles will diffuse in the
opposite direction leaving behind a negatively gedrlayer. A steady state is

finally reached, resulting in a junction, which ¢tains practically no movable



charges, hence the depletion region. Fig. 2-1 shbevgnergy levels in a p-n

junction in state of photon absorption.

| Depletion
1 or
gz‘\-,‘- Junction region

t";r \\,
£ -{ g~ - t Ec
oo oo S em e ~-~Er
r 64\\\ —Efz
Q(EG' \L Ey
p n

Figure 2-1: Energy levels in a p-n junction

The p-n junction may be connected to a batterywmways: i) In forward
bias, the positive conventional circuit current qess from p to n material

across a reduced band potential differengea¥ shown in fig. 2-2aii) In

reverse bias in fig. 2-2b, the conventional positourrent has an increased

band potential differencegto overcome.

i i S R b iy

Forward bias

Heverse bias

(a) (b)

Figure 2-2: Energy level in a p-n junction with @rward bias (b) Reverse

bias



Thermally or otherwise generated electrons andshmdeombine after a
typical relaxation time, having moved a typical diffusion length L through

the lattice. In intrinsic material the relaxatiomé can be longi~1s, but for

commercial doped materials relaxation time are nagrterz~102to 108s.

Electrons and holes may be generated thermallyydight, and become
carriers in the material as shown in fig. 2-3. Mihocarriers in the depletion
region are pulled across electrostatically downirtmespective potential
gradients. The minority carriers that cross theaetpecome majority carriers
in the adjacent layer. The passage of these cardauses the generation

current Ig which is mainly controlled by temperature in aegivjunction

without illumination.

Hole

i
o I
Electron ' majority” | T
minority 1> Hole minofity '
‘\dEltctron
majority
Generation Recombination

Figure 2-3: Generation and recombination currept@junction.

In an isolated junction, there cannot be derdalance of current across
the depletion region. Thus, a reverse recombinatorrent ir of equal
magnitude occurs from the bulk material, this restothe normal internal

electric field. The band potentid¥g is slightly reduced byir. The



recombination currentr can be varied by external bias as explained ir2fig

——— — -
———

Forward bias
1r23> Ig

—— e —— —

Reverse bias
Ir= 0

Generation Recombination

Figure 2-4: Generation and recombination curreritis @xternal bias.

2-2-1 P-N Junction Characteristics

The p-n junction characteristics have beeremiin fig. 2-5. With no
external bia§/ = 0).
Ir=1g (2-1)
With a forward bias of voltage , the recombination current becomes an

increased forward current.

eV
Ir = 1g Oexg — 2-2
r g eXF{KTj ( )
The total current (with no illumination) is,
ev
ID=Ir-1g=Ig0 — -1 2-3
ostoded ) =

The above equation is the Shockley equatiahcan be written as,

ID = Io{exp{i—\_/rj - 1} (2-4)

AR



Where (lo=Ig =1s) is the saturation current under reverse bias, rbefo

breakdown occurs. It is also known as leakage ffusion current, for good
PV cells b~108 A.m2, Its value increases with temperature (as shown by

dashed line in fig. 2-5]]

=
E
~ 10 F
{ :
o -7 ~ — > V{volt)
Reverse bras Forward bias
- —_—

Figure 2-5: p-n junction dark characteristics.

2-3 The P-N Junction PV Cdll

Consider the p-n junction with a resistive doghown in fig. 2-6 is
illuminated, an interesting phenomenon can be eksenn the circuit there
will be a flow of current caused by a voltage appepat the terminals of the
photovoltaic cell. This voltage is labelad(photovoltage) and the results
current | (photocurrent). The photovoltage arises from tle@egation of
electron-hole pairs in the space-charge and thesharie swept into the p-side
by the negative space charge. This movement ch#rgesside negative and
the p-side positively, with the resultant potentidference between the two
sides being/ .[15]

'Y
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Figure 2-6: A p-n junction PV cell with resistiveald.

Incident photon illumination can create elenthole pairs in the space
charge region that will be swept out producing gtocurrent | in the
reverse bias direction as shown. This photocumpentiuces a voltage drop
across the resistive load which forward biasesptimejunction. The forward
bias voltage produces a forward bias curren{akcts the dark current as
illustrated in section 2-2) as indicated in theufgy The net p-n junction

current, in the reverse bias direction, is
|=|L—|F=|L—|smex;{ﬂj—1 (2-5)
KT

Where the ideal diode equation (or Shocklayatign) has been used and
the net p-n junction current acts the basiev equation of PV cell. As the
diode becomes forward biased, the magnitude oélnaric field in the space
charge region decreases, but does not go to zeohanrge direction. The
photocurrent is always in the reverse bias direcéind the net PV current is

also always in the reverse bias directjta).

'Y



2-3-1 Photovoltaic Modeling

From the basi¢ -v equation of the PV cell, pspice model for PV cell
behaves like a silicon diode in parallel with areat source generator,
explained by fig. 27 the magnitude of the current is proportional to the
illumination.

|o/p

IL SZ Dpn

|GND

Figure 2-7:1 -V electric circuit representation of the PV cell.

2-3-2 The Fundamental Electric Parameter s of the PV Cdll

There are two limiting cases of interest seen flign2-6. The short circuit
condition occurs whemR=0s0 thav =0. The current in this case is referred
to as the short circuit current,[os]

| =lsc =10 (2-6)

The second limiting case is the open circondition and occurs when

R— . The net current is zero and the voltage produsdbe open circuit

voltageVoc. The photocurrent is just balanced by the forwaaded junction

I=O:IL—ISD{eXF{%j—l} (2-7)

where vi=XT thermal voltage

€

current so we have

V¢



The open circuit voltageoc can be found as:

I = |sm[ex;{%j -1} (2-8)

L ex;{@j—l (2-9)
Is Vit
R \oc 3
o tlEep s (2-10)
Ln(l—L +1j - yoc (2-11)
Is Vit
Voc =Vt DLn[Il—; +1j (2-12)

A plot of the diode current as a function of the diode voltagefrom eq.

(2-5) is shown in fig. 2-8. Noted that the short ciraitrent and open circuit

voltage point on the figure.

Figure 2-8:1 -v characteristics of a p-n junction PV cell.

The power delivered to the load is
P=1 D/zlLD/—IsD{exp(%j—l}D\/ (2-13)

To find the current and voltage which will el the maximum power

(Mpp) to the load by setting the derivative equal tmzerj—\'j =0.

Vo



£202|L—|SD exp(v—mj—l —IsDVﬂDexp(V—mj (2—14)
av Vit Vit Vit

I+ |s—|sm(1+v—mj Dexr{v—mjzo (2-15)

Vit Vit
I +|S:(1+V_mj[jexr{v_mj (2—16)

Is Vit vt
(1+ V_mj Dexp{v—mj :1+|—L (2—17)

Vt Vit Is

Fig. 2-9 shows the maximum power rectanglere/ven is the optimum
voltage which produces the maximum power amdis the current when,

V =Vm.[16|

Figure 2-9: Maximum power rectangle of the PV ¢ellv characteristics.

The maximum power delivered is representedhieyarea of the largest
rectangle that can be fitted under the curve. Theaseness of the
characteristic depends on the quality of the jumctand the internal series
resistance of the device. A measure of the squsseizethe "fill factor",
which is defing17]

Y 1



_VmLCIm

Isc CWoc (2_18)

2-3-3Thedark & illuminated | -V characteristics

Practically, the electric current generatethm semiconductor is extracted
by metal contact to the front and rear of the c&hen, the total series
resistance of the cell can be expresség as

Rs = Rcp + Rbp + Ren + Ron (2-19)

WhereRcp is the metal contact to p-type semiconductor tast®e; Rop
the bulk p-type resistance (bulk of p-type regias where most of
electron/hole pairs are generated by the absorpbioright and where
minority carriers (electrons) are transported Wfudion and partially lost by
recombination);Ren the contact to n-type semiconductor resistancernd

the bulk n-type resistance.

In addition, a shunt path may exist for cutrBow across the junction

named byip due to surface effect or poor junction region.sTéternate path
for current constitutes a shunt resistampecross the junctidg]. Then, the

representation of the electric diagram for thisesta shown in fig. 2-10.

Rs
AW |orp

Ip

=
1

7 Dspice §Rp Vv

N/

|Gnd

Figure 2-10: The generalized circuit diagram withirgt pathrp .
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And the current equation of PV cell is givBnEQq.(2-5)

| :IL—ISD[eX[{%j—l}—Ip (2-20)

wherevpn is the voltage appearing on the p-n junction devas well as,
Vpn=IpLRp
Applying Kirchoff's voltage law to the outpBY cell containing oRs,
Rp & V to find the value o¥pn & Ip

IpCRp-V -1 CRs=0 (2-21)

Ip:V+I[RS (2_22)
Rp

Vpn=V +1 LRs (2-23)

Substitute the value ap & Vpn in eq(2-20), the |-V equation is

becomel3]

| :|L—|sm{ex;{m}1}—m (2-24)
Vit Rp

And | -V characteristics of eq2-24) is shown in fig. 2-11.

—

lac
l

__’_,"l;lx— \_Illumination

sc

Figure 2-11:1 -V characteristics of a solar cell.

For good solar cell, the series resistareeshould be very small and the

shunt (parallel) resistaneg should be very large. For commercial PV cells

Rp are much greater than the forward resistancedbde so that it can be

YA



neglected and onlgs are of intereds|, then the final(l -v) equation of the

output PV cell is given below ;
=1 - IsD{exr{mj—l} (2-25)
Vit

The following are few of the characteristicargmeters that have been

discusseds3]
The optimum load resistand® (Pmax) = Romax is connected, if the PV

generator is able to deliver maximum power.

P max=Vpmax Ipmax (2-26)
And Rpmax = YPMax (2-27)
Ipmax

The efficiency is defined as;

p=" (2-29)
@

P=Vxl,is the power delivered by PV generator.

¢ =Itx A, is the solar radiation falling on the PV generato

It is the solar intensity and is the surface area irradiati¢s}.

By neglect the shunt resistanRe for above reason, the final generalized

solar cell circuit diagram is shown in fig. 2-12.

Rs
MWV |orp

IL \/ Dspice

|Gnd

Figure 2-12: Final representation of the electnicust of the PV cell.
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2-4 PV Modules

Practically, after testing solar cells under teshditions and sorting to
match current and voltage, about 36 solar cells iaterconnected and
encapsulated to forma module. Module consists of the following

components:

» Front cover low iron tempered glass.

* Encapsulant, transparent, insulating, thermoplaptitymer, the most
widely used one is EVA (ethylene vinyl acetate).

» The solar cell and metal interconnected.

» Back cover usually a foil of tedlar or Mylar.

Cells are usually mounted in modules and mplgltmodules are used in
arrays. Individual modules may have cells connected ineseand parallel
combinations to obtain the desired voltage andecuist Arrays of modules
may also be arranged in series and parallel. Femtichl modules or cells
connected series, the voltages are added, while wtenected in parallel the

currents are adddd]

The SP75 module is a solar panel made of nwystalline silicon. It
consists of 36 solar cells connected in series. &ib3). The surface of each
solar cell is aboutsmmx125mm. Module SP75 can deliver 75 Watts under 17
volts (test standards condition TSC). The modutéase i220cmx 527cm.



Figure 2-13: Solar panel SP75.

The electric characteristic of this panel un@i8C is described in table 1.
Thus, it appears that panel SP75 can deliver,an®C, i7sv, 441A under
an optimum voltage afv .[13 [ AppendixB]

Maximal power 75W

Optimal voltage 17v

Optimal current 4.41A
Open circuit voltage 21.7V
Short circuit current 4.8A

Table 2-1: Electric characteristics of the panef“sbBnder TSC.
2-5 Step-Down (Buck) Converter

Step-down converter as shown in fig. 2-14veots a high input voltage
to a lower output one. The ratl_8rQ determines the level of step down.

vO:t?—”D\/d (2-29)

Y



-a- -b-

Figure 2-14: (a) Step down converter circuit. (lonCerter voltage and

current waveforms.

It is worth noting that the output voltagdireearly depending of the time
ton. This makes it very easy to obtain a desired geltd he low pass filter is
used for different reasons. The switch producehl higquency ripple which
the filter is low impedance. It is important to dse the cutoff frequency of
the filter much lower than the switching frequendost applications don't
accept that the voltage is zero at the tiofe. For this reason the low pass
filter smoothes the voltage. The capacitance toestabilize the voltage and
the inductance is trying to maintain a certain entr If the load isn’'t purely
resistive (this is almost impossible to have) afndeel diode is needed. It is
anyway needed when a low pass filter is used. Tdwedconducts the current

that is charged in all inductances, at the twie. The inductance in the low
pass filter is limiting the efficiency due to thesrstance in the coils. The

efficiency is usually quite good, ~904.
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2-5-1 Continuous-Conduction Mode

Fig. 2-15 shows the waveforms for the continuousdcetion mode of
operation where the inductor current flows contimlgfi. (t))0]. When the
switch is on for time duratiomn, the switch conducts the inductor current
and the diode becomes reverse biased. This reisulés positive voltage
VL =Vvd -Vo across the inductor in fig. 2-15a. This voltageises a linear

increase in the inductor curreint|18]

When the switch is turned off, because ofitlteictive energy storagé.
continue to flow. This current now flows througrettliode, and. =-Vvo in
fig. 2-15b.

Figure 2-15: Step-down converter circuit statepsgatch on (b) switch off.
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Since in steady state operation the wavefoustmepeat from one time
period to the next, the integral of the inductotage v. over one time period

must be zero, wheres = ton +toff :[18]

vaL dt = tojnvL dt + vaL dt=0 (2-30)
0 0

ton

In fig. 2-15, the foregoing equation impliést the area A and B must be
equal therefore,

(Vd —Vo)ton = Vo(Ts - ton) (2-31)
or
vo_ton_ (2-32)
vd Ts

Therefore, in this mode, the voltage outputeslinearly with the duty
ratio of the switch for a given input voltage. tes not depend on any other

circuit parameter.

Neglecting power losses associated with a@ldincuit elements, the input

power Pd equals to the output powes : [18]

Pd = Po (2-33
Therefore,
vd C1d =VoClo (2-34)
and
lo_wd_1 (2-35)
Id Vo D

Therefore, in the continuous-conduction mode, tep-slown converter is
equivalent to a dc transformer where the turn'soraft this equivalent
transformer can be continuously controlled eleatralty in a range of 0-1 by

controlling the duty ratio of the switch.
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2-5-2 Boundary between Continuous and Discontinuous Conduction

At the edge of the continuous-current conaurctnode, fig. 2-16a shows
the waveform forv. andi.. Being at the boundary between the continuous
and the discontinuous mode, by definition, the atducurrenti. goes to zero

at the end of the off period.

At the boundary, the average inductor currehgre the subscript B refers

to the boundary, (s8]

s = it ek = 20 (vd ~Vo) = 278 (vd ~Vio) = 1os (2-36)
2 2L 2L
‘fL (V- V) Ig=1p V4 = Constant
-t TV
f __ILB, max = —gfd
(-V,)
fon rlr toﬂ—" |
0 > [
T, N 05 1.0
fa) (b)

Figure 2-16:Current at the boundary of continuoisea@htinuous Conduction:

(a) current waveform: (bi)s versusD keepingvd constant.

Thereforeduring an operating condition (with a given setvafues for
Ts,vd,Vo,L andD), if the average output current (and, hence, therame
inductor current) becomes less than given by eq(2-36), and theni. will

become discontinuoysg]
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2-5-3 Discontinuous-Conduction Mode

In some applicationyd remains essentially constant ava is controlled

by adjusting the converter duty ranbo

Sinc&o=DCVvd, the average inductor current at the edge of the
continuous-discontinuous mode from €2y 36) is[1§]

TS\Cd D(1-D) (2-37)

lie =

Using this equation, we find that fig. 2-16hows the plot ofis as a
function of the duty ratio, keepingvd and all other parameters constant. It
shows that the output current required for a cammirs-conduction mode is
maximum ab = 05:

From eq(2-37) taking the differential with respectial[ig]

dl e _ Tsvd
dD 2L

Substitute the value af from eq.(2-38) in eq.(2-37)

(1-2D)=0 (2-39)

Tsvd
| L6 max = 2-
o == (2-39)

From eq(2-37) and eq(2-39)
|t =4l B,mAx D(l— D) (2—40)

Next the voltage ratiM%d will be calculated in the discontinuous mode.

Let us assume that initially the converter is opega at the edge of
continuous conduction as in fig. 2-16a, for a givatues ofT,L,vd, andD. If
these parameters are kept constant and the ouwtpdtdower is decreased
(i.e., the load resistance goes up or lighter lo#thn the average inductor
current will decrease. As shown in fig. 2-17, ttistates a higher value @b

than before and results in a discontinuous indumiorent.
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¥

Figure 2-17: Discontinuous conduction in step-da@enverter.

During the intervah.Ts where the inductor current is zero, the power to
the load resistance is supplied by the filter cdapaalone. The inductor
voltage v. during this interval is zero. Again, equating thé&gral of the

inductor voltage over one time period to zero yseld

(vd -Vo)DTs+(-Vo)aiTs =0 (2-41)
Yo_ D (2-42)
vd D+A:

whereD +A:(1. From fig. 2-17,

L, peak =V—LOA1TS (2-43)
Therefore,
10 = it pesc 22 (2-44)
using eq.(2-43)
lo :Vg—IS(D + A1) (2-45)
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using eq.(2-42)

lo=Y9TS pa, (2-46)
2L
using eq.(2-39)
10 = 41 & maxDAL (2-47)
Op=—10 (2-48)
41 L8 maxD
From eqs(2-42) and (2-48)
Vo D?
—= 2-49
vd . +1( lo j (2-49)
4\ | LB max

Fig. 2-18 shows the step down converter charattenis both modes of

operation for a constamti . The voltage ratidvo/ Vd)is plotted as a function

of '%LBW for various values of duty ratio using eq&-32) and2-49). The

boundary between the continuous and the disconismnmode, shown by the
dashed curve, is established by dgs.32) and2-40).[1§]

V,; = Constant

0.75

0.50

0.251 -~

o) 0.5 1.0 1.5 2.0 17,8, max'

Tsvd
I max = 357

Figure 2-18: Step-dowoonvertercharacteristics keepingl constant.
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2-5-4 Output Voltage Ripple

The ripple in the output voltage with a practicalue of capacitance can
be calculated by considering the waveforms shownfign 2-19 for a
continuous-conduction mode of operation. Assumimgt @&all of the ripple
component in. flows through the capacitor and its average corapbfiow
through the load resistor, the shaded area ir2fP represents an additional

chargerQ. Therefore, the peak-to-peak voltage rippeo can be written

adig]
AVo _AQ_11AILTs (2_50)
C C22 2
From fig. 2-15 duringpoff
Al :V—Lo(l— D)Ts (2-51)

Va = vp)

’/—— \
g

A S

§

e S ——f

Figure 2-19: Output voltage ripple in a step-down\erter.

¥4



Therefore, substitutingl. from eq. (2-51) into the previous equation

gives
AVo = ;—év—l_o(l— D)Ts (2-52)
2 2
1 AVo _1Ts (1-D) :i(l_ D)[Ej (2-59
Vo 8 LC 2 fs

where switching frequencis = 22 and

1
2 LC

Eq.(2-53) shows that the voltage ripple can be minimizedsbiecting a

fc= (2-54)

cutoff frequencyfc of the low-pass filter at the output such thatfs. Also,

the ripple is independent of the output load power.

2-6 Output Control Circuit

All converters use some kind of switching &dataining a desired output
which is independent of the input. This means thatoutput of the switching
Is a pulse width modulated signal where the avevafiage is the desired one

as shown in fig. 2-20.

vd - - -1t - -5 -
+ vd Ivo

- “ L

Figure 2-20: Simple step down converter



In order to stabilize the output a controlteys is used. A reference
voltage is compared with the actual output as shiovfig. 2-21. If there is a
mismatch, the control system adjusts the duty cyclie switching. This is
made by an OP amplifier and a comparator. The @&ttiethe error in output

voltage and compares it with a sawtooth voltage.

W0

Woontral switch zontroll signal

Ve Comparatar

QP
Comparator input

Sawtooth voltage
-—|7.-"':___- P D fi?;f--b’.mrrtrnl

Switch control signal

on O]

- Ed

T

Figure 2-21: PWM circuit used for stabilizing thetjput voltage

The switching frequency is often chosen inrdoege from a few kilohertz
to some hundred kilohertz. This makes it possiblstay out of frequencies
which could disturb other systems. With a good glesind some low pass
filtering the problem can be solved].

2-7 A multiple Input DC-DC Converter

Most electrical systems are supplied by one kindeonérgy source.
Whether it is batteries, wind, solar, etc. Certspecial cases are powered by

two sources, such as, uninterruptible power sugplie

™



The different sources such as PV cells antebas will have different
voltage and current characteristics. With multipleuts, the energy source is
diversified to increase reliability and utilizatiaof renewable sources. An
ideal multiple-input power supply could accommodatgariety of sources
and combine their advantages automatically, suckt the inputs are
interchangeable. Such a converter could be reldcatd still take advantage
of the local environment, e.g., in some areas sotaver would be readily
accommodate, in others, utility power may be a isfigcreliable or

inexpensivep]
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CHAPTER THREE
PV Pandl Simulation Results

3-1 Introduction

In this chapter the PV Panel has been simulatedirwthe orcad-pspice
simulator. Details are also given to the methodsmefasuring the panel
parametersisc,Rs and Is. Several techniques are described to create new
components (PV), in the orcad-pspice simulatomlpmwhich will be called
directly by their equivalent circuits.

3-2 Panel Parameters Calculation

The entire cell is represented according éontlodel of fig. 2-10. The current
generator(l.) provides a short circuit current which is a fuontiof the solar
irradiation (Pvar) according to an equation determined by the cheriatits
| -V provided by the manufacturer:

Isc=ae Pvar-b (3-1)
where, a and b are constants which depend/arels.

Eqg. (3-1) is similar to Eq.(2-25) with some modificationsy equal zero

under short circuit current condition and become:

Isc= 1 -|sD{ex;{'SCDRSj—1} (3-2)
Vit
where L =ae Pvar (3-3)
b= IsD{exp{lSCDRSj—l} (3-4)
Vit
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From the practical results obtained by A.Aaial13, the current crossing

a cell could be described according to illuminagearw /m2):

Isc(A) = 0.00481 Pvar-0.0125 (3-5)

It should be noted that the test standard itiond (TSC) are defined by

irradiance powe(Pvar) of 1000v/m2 , a temperature afsc®.

Therefore, IL = 481A (3-6)

3-3 Simulation of the PV panel

It is possible to simulate a column of PV aatid a panel in the orcad-

pspice if the parameters, Is,Rs for a single cell are calculated.

The value ofi. (for single cell) is determined from efg-6) in order to
determinels and the circuit shown in fig. 3-1 is usdpkpice is a diode whose

parameterls (saturation current) is calculated from simulatiomder open

circuit voltage conditio =Voc.
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Rs

Vcell
ANV
100
\Y
§ Rout
IL
Dspice 1Meg
4.81A
DbreakX
-0

Figure 3-1: The circuit diagram used to deterntgne

In order to eliminate the voltage drop acrBssthe PV cell terminal is
connected to high resistanout).

From Dc simulation result shown in fig. 348 €436.96pA atVoc = 0.602V

(open circuit voltage for single cell).

According to the electrical characteristicstioé panelSP75 (table 2-1)
under test standard conditions the optimum loacleqd.1069n42.

DbreakX (the pspice model of the diode) idtbatcording to the results
from fig. 3-2(Is = 436.96pAN = 1, Rs = 0.00Q, XTI = 3, IKF = 0A, EG = 1.11eV,
Cjo=1pF, M =0.3333, VI =0.75V, Fc = 0.5, ISR.2pA NR = 2, BV = 100V, IBV
=0.0001A)
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The last paramet&sis represented &val in fig. 3-3 and simulated under
optimum load resistand®p (max).From Dc analysis results shown in fig. 3-4
Rs = 13.95mm.

Rs

Vcell
M
{Rval} \
IL ! Dspice v
§ Rp(max)
DbreakX
4.81Adc 0.1069
-0

Figure 3-3: The circuit diagram used to deterniine

Now it is possible to define the PV par(8P75) by associating 36
elementary cells in series as shown in fig. 3-5sée that the value of
internal resistancBs for whole model is the sum of the internal resistaof
the entire cell; also is could be calculated ingame manner as in fig. 3-4. In
both method&sequal t0600.946n62 as shown in fig. 3-6.
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Rs

MWV >o/P

500.946m

! D1 ! D7 ! D13 ! D19 ! D25 ! D31
DbreakX DbreakX DbreakX DbreakX DbreakX DbreakX
D2 D8 D14 D20 D26 D32

h 4 h 4 h 4 h 4 h 4 h 4

DbreakX DbreakX DbreakX DbreakX DbreakX DbreakX

D3 D9 D15 D21 D27 D33
\ 4 \ 4 \ 4 \ 4 \ 4 \ 4
DbreakX DbreakX DbreakX DbreakX DbreakX DbreakX
IL()
4.81A D4 D10 D16 D22 D28 D34
\ 4 \ 4 \ 4 \ 4 \ 4 \ 4

DbreakX DbreakX DbreakX DbreakX DbreakX DbreakX

D5 D11 D17 D23 D29 D35

h 4 h 4 h 4 h 4 h 4 h 4

DbreakX DbreakX DbreakX DbreakX DbreakX DbreakX

D6 D12 D18 D24 D30 D36

h 4 h 4 h 4 h 4 h 4 T

DbreakX DbreakX DbreakX DbreakX DbreakX DbreakX

>GND

Figure 3-5: The electrical circuit of the mo&#75.

3-4 Simulation Results

The model described in the previous paragregshbeen implemented in
the orcad-pspice. This model has been verified wsad to find the optimal
operation. Fig. 3-7 shows the current-voltage curebktained from the
simulation (Dc analysis) of the PV model. The ogtinbad replaced by

Rpreakto obtain all value of andV.

The simulated model shows 21.7V open circoitage and 4.8A short

circuit current a25C with 1000W/n? solar irradiation.
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Next, the following figures (3-8) (3-9) depitie results of the simulation
at different temperature and irradiation respedtyive

The power vs. voltage plot is described on #¢lLO. It reveals that the
amount of power produced by the PV model variestfyrelepending on its
operating condition. It is important to operate gystem at the maximum
power point of PV model in order to exploit the nmaxm power from the
model @ =75.953W at V = 17\

The location of the maximum power point in tfe-v) plane is not
known beforehand and always changes dynamicallgretignce on irradiance

and temperature. Fig 3-11 shows {re-V) curve at the irradiance value but

with a higher temperature and fig. 3-12 shows fReVv) curve under

decreasing irradiance at the constant temperat@&C’). There are

observable shift where the maximum power point oecl

All the results are similar to the real chagastics; therefore its can be

concluded that the simple pspice model of PV used s valid.
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3-5 Hierarchical Block

The model which explained previously is very lasgeto minimize it an

integrated part (hierarchical block) has been aered as shown in fig. 3-13.

U1 L. 70V U2 L 7.00V/
Pm=75W o/p § Rout P=75W O/P § ROp
VmE17V 1Meg VL7V 3.85
GND GND
SP75 SP75
-0 -0
(@) (b)

Figure 3-13: The hierarchical block (part) $R75in state of (a) open circuit
voltage condition. (b) optimum load condition.

The results obtained from this integrated gt 3-14, 3-15, 3-16, 3-17)
and previous section are compatible. Thereforehidearchical block is used
to define the PV panel model as integrated pacot spiecial library. This part
will be called from that library to simulate th@ -v) and (P-V)
characteristics of the PV model, as well as thid maused as a source of

energy to the power circuits.
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CHAPTER FOUR
Testing the PV Panel M odel in Converter Circuit

4-1 Introduction

After modeling and simulating the PV panel model in the previous chapter.
Here this model will be tested as input source to the buck converter and

compare its results with that from battery.
4-2 Converter Circuit Design

The step down (buck) converter is designed for variable output voltage of
(1.5V-12V), switching frequency (20 kHz), duty cycle (0.1- 0.7) and output
power (1W- 41.6W). Fig. 4-1 shows the buck converter as represented in

pspice.

M1

M2N6755 L

Y Y YN
1Y1 52uH
u24 l
on
Rout
Pre75W O/P of f — §
N\ D1 C 344
mEL7V BA204 47u
GND -
2000u
SP75

Figure 4-1: The step down converter configured in pspice.
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This converter is tested by assuming vd constant. Therefore, Land Care

calculated according to egs. (2-39)and (2-53)respectively.

The parameters of these two equations are calculated according to the
panel model (1 -Vv)curve shown in fig. 3-7. From that figure vpv=19.8v at
2.4A (15, max). Therefore,
| lemex = 2.4A
Vd =Vpv =19.8V
Ts=50us

O L =52uH

The percentage ripple in the output voltage is usually specified to be less
than 8%.

AVo = 0.08Vo

D =0.6 a continuous mode condition
Ts=50us

L =524H

C > 304F

The important notice that the buck converter can match the load to the PV

panel if the load is less than the optimum load for the PV panel [19].

The output diode D1 (BA204) conducts when the power switch turns OFF
and provides a path for the inductor current. An important criteria for
selecting the rectifier includes fast switching, breakdown voltage, current
rating and low forward voltage drop to minimize power dissipation. The best

solution for low voltage drop is usually a Schottky rectifier.[20]
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Also, it should be noted that the input current (PV current) for the buck
converter is of discontinuous (switching) nature. This results in an unstable
operating point on PV panel which switches between Mpp and the open
circuit and results in the loss of energy. Under such condition true maximum
power point operation could never be achieved. To avoid this problem alarge
capacitor C1 is used at the input of the buck converter unit. This offers a
stable operating point on the PV panel. The capacitor still introduces a
switching frequency ripple on the PV panel voltage because of charging and
discharging in every cycle. This ripple can be kept to a minimum acceptable
value by using a large capacitor at the input. A 20004F capacitor gives the
satisfactory results.[19]

4-2-1 PWM Generator

This unit generates the signal with necessary duty ratio to drive the

switching devices of the converter. The PWM generator is shown in fig. 4-2.
The error amplifier U10 (LM 324) detects the error output results from the

difference between the reference voltage (Vref) and the actua voltage (Vfb);
thiserror level is applied to the control terminal (pin5) of the 555 timer.
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U10A| RA

+ § Re 4.85k | 4 o
oL 1 | Uil
, ;| RESET vce
_—t DISCHARGE
% ms2a JT oUTPUT F—>PwM
o ' LD
| Trigger | 24
L R5 — d_Trigger 2 TRIGGER
T 3k Rf ONTIME =1uS  DSTM1 Q1
Ay OFFTIME = 50uS CLK —=cA CONTROLGND
DELAY =0
1k STARTVAL =0 Q2N2222 4.7n 5 s55C |1
OPPVAL = 1
SHVib 0

Figure 4-2: The complete system of the PWM generator.

The 555 timer is operated in monostable mode. Triggering the 555 timer in
monostable mode with a continuous sequence of pulses allows the output
pulse width to be modulated by changing the amplitude of a signal applied to
the control input pinS. The trigger signal on pin2 causes the 555 timer output
signal to go high. Retriggering will occur if the trigger pulse is hold low
longer than the 555 timer output pulse width. The transistor Q1 (2N2222) is
connected as explained in fig. 4-10, to configure the DC path to ground in
state of the transistor Q1 is on and prevent the 555 timer from retriggering

when the transistor is off (pin 2 equal to Vcc).

The resistor Ra and the capacitor Ca limited the output pulse width for
555 timer. These two elements are calculated according to the equation
below;

Ton =1.098RACA
at Ton =251, let Ca =4.7nF thenRa = 4.85kQ.
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4-2-2 MOSFET Gate Drive Circuit

The output of the PWM signa is applied to the OP amplifier U19
(LM311) as shown in fig. 4-3. This OP amplifier supplied pulse of sufficient
voltages and drove current to the gate of the switching device M1 (M2NG6755)
through a resistanceRg. The OP amplifier U19 represents the buffer circuit
between the PWM generator and the gate of the MOSFET switch, the output
of the gate drive act as open collector terminology. For this reason the resistor
Rcl is connected between vee and the output terminal of U19 to get the train

of pulses.

In the same manner OP amplifier U23 (LM 311) is used to drive the second
MOSFET M2 (M2N6755).

Vce Vgate
A A

N
Rcl b
R1
§ 220 é
R3 Rc2
10k y19® g
to AND gate U16 << 213 RG1 10k u23 @ 220
StoML  to AND gate U22 << NI RG2
3 50 oy~ AN Pto M2
LM311 3 g 1
/ 50
g R2 R4 LM311
1k 1k ¥

.|||_

)

Figure 4-3: The gate drive circuit.

4-2-3 Sour ces Control Circuit

The circuit shown in fig. 4-4 represent the Demultiplexer logic circuit and
there elements are U18A (CD4081B), U20A (4009A) and U21A (4001B).
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This circuit performs the interchange between two sources (PV pane and

battery). When V4 equal zero the PV panel is active otherwise the other.

U16A

PWM < 1 s

to drive M1

CD4081B

U21A
CD4001B
U22A

3 to drive M2

[
N
o
>
|N |'_‘

2 CD4081B

U18A
CD4009A 1

3

@ CD4081B

Figure 4-4: The sources control circuit.
4-3 The System Configuration
Fig. 4-5 shows the complete design of the two input PWM buck converter
with interchange between the source operations, the parts of this system deal
with enough description. In addition, the diodes D3 and D4 prevent the
MOSFET switch M1 and M2 to conduct in depletion mode, respectively.

4-4 Two input buck converter simulation results

In this section, the waveforms obtained from transient ssmulation of buck

converter for different modes of operation, boundary continuous and

oA



discontinuous, are presented. Transient simulation of the converter system

was carried out in orcad-pspice simulator.

The ssimulation waveform for a buck converter operates in the boundary
modes are displayed in fig.4-6 through 4-11. Figure 4-6 gives the output
voltage and current of the converter from the PV pspice model. Also fig. 4-7
gives the output voltage and current of the converter but from the battery. It is
observed that the output voltage is equal to 8.5V and the output current equal
to 2.4A in the two cases. The inductor voltage and current waveforms can be
seen in the figures 4-8, 4-9 for PV pspice model and a battery respectively.
The trigger signal of the 555 and its output (PWM signal) are shown in fig 4-
10 for PV and 4-11 for battery.

In asimilar manner the simulation results for a buck converter operatesin

continuous and discontinuous modes are satisfied in figure 4-12 through 4-23.

For all three modes figures, the simulation results for PV pspice model match

closely the results obtained from the battery.
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CHAPTER FIVE

Conclusons and Future Work

5-1 Conclusions

From the present study, can conclude the following:

1. This research described briefly how a PV panel isteiof 36 cell
connected in series was created in the orcacs@spmulator library.
Therefore, for a given panel, electric charactess{voltage-current)
can simulate by calling directly the panel of theaal-pspice library.
All the panel parameters were calculated beforentbeel defined in
orcad-pspice(like Rs Is). Also pspice model of diode, represent the
elementary cell, was built by simulati¢saturation current, identity factor,
Nr, M...).

2. The results shows that the PV model using the @dgm circuit in
moderate complexity provides good matching withréeed PV module.

3. At the same time a two input Dc-Dc converter, wasthn pspice to
prove the validity of the PV panel model. This ishi@ved by
comparing the results of the converter with a dtelpa to that with the
PV panel model. The converter with two sources gasa compatible

result with a good agreement between them.

5-2 Futurework

For future work, can recommend the introductiorthed following open
problems:



1. It is possible to symbolize a PV panel by assaup®6 elementary
cells in series and parallel.

2. Study the effect of shading or mismatch for ond oelmore in PV
panel.

3. Interfacing sources is important to consider, duthé different voltage

and current characteristics of the PV panel andétery.
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