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Abstract 

 

     Photovoltaic system generates electricity by the direct conversion of the 

sun's energy and it is a modular system because it is built out of several 

pieces of elements. The theoretical studies of PV and modeling techniques 

using equivalent electric circuits carried out and the characteristics of PV 

cell have been investigated. The new model of PV implemented in pspice 

program, the optimum voltage was (17volt) and optimum current was 

(4.41Ampere). 

      

     This model is used in the DC-DC converter which has the following 

characteristics, the variable output voltage is (1.5V-12V), switching 

frequency (20 kHz), duty cycle (0.1- 0.7) and the output power (1W- 

41.6W), the system has been design and tested by pspice program. The 

application of PV and battery implement in the DC-DC converter, the results 

of the converter simulation obtained from both two input show a good 

agreement.            
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 CHAPTER ONE  

Introduction   

      

1-1 Introduction 

       

     The conventional energy sources, obtained from our environment, tend to 

exhaust with relative rapidly due to its irrational utilization by the humanity. 

This uncontrolled extraction of the natural energies, certainly will lead the 

harmony of our ecological system to the instability. It is important to point 

out, that if it occurs the recuperation of this system will be practically 

impossible.[ ]1   

 

     An a consequence of this possibility, the apprehension for a diminution of 

the petroleum sources, natural gas and natural resources of coal has been 

intensified. For this reason, the effort to find new sources of energy, to permit 

reduction in the utilization of the natural resources of fuel, became a 

challenge for all scientific and technological areas in the world, and especially 

for the electrical engineering area.[ ]1  

 

     Within this content, the solar energy appears as an important alternative to 

the increase of the energetic consumption of the planet, once that, the quantity 

of the energy from the sun that arrives on the earth surface in a day is ten 

times more than the total energy consumed for all the people of our planet 

during a year.[ ]1  

 

     Through the photovoltaic effect the energy contained in the sunlight can be 

converted directly into electrical energy. This method of energy conversion 

presents some advantages, such as: 
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• Simplicity.  

• Does not exist any moving mechanical parts. 

• Its modular characteristic offers large flexibility in the design and 

application of this kind of energy generator. 

• Short time of installation and operation. 

• High reliability and low maintenance.[ ]1  

 

1-2 The Photovoltaic System 

     

      A photovoltaic (PV) system generates electricity by the direct conversion 

of the sun's energy into electricity. This simple principle involves 

sophisticated technology that is used to build efficient devices, namely solar 

cells, which are the key components of a PV system and requires 

semiconductor processing techniques in order to be manufactured at low cost 

and high efficiency. The understanding of how solar cells produce electricity 

from detailed device equations is beyond the scope of this research, but the 

proper understanding of the electrical output characteristics of solar cells is a 

basic foundation on which this research is built.[ ]2  

 

      A photovoltaic system is a modular system because it is built out of 

several pieces or elements, which have to be scaled up to build larger systems 

or scaled down to build smaller systems. Photovoltaic systems are found in 

the Megawatt range and in milliwatt range producing electricity for very 

different uses and applications: from a wristwatch to a communication 

satellite or grid connected.[ ]2  

 

     The elements and components of a PV system are the photovoltaic devices 

themselves, or solar cells packaged and connected in a suitable form and the 
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electronic equipment required to interface the system to the other system 

components, namely: 

 

• storage element in standalone systems; 

• the grid in grid-connected systems; 

• AC or DC loads, by suitable DC/DC converters or DC/AC inverters. 

 

Specific constraints must be taken into account for the design and sizing of 

these systems and specific models have to be developed to simulate the 

electrical behavior.[ ]2  

 

1-3 Solar Cells 

      

     A solar cell is a PN junction device with no voltage directly applied across 

the junction. The solar cell converts photon power into electrical power and 

delivers this power to a load. Junction devices are usually known as 

photovoltaic cells or solar cells, although, the term is a misnomer in the sense 

that it the current that is produced by the radiation photons and not the 

"voltage". The cell itself provides the source of EMF (by electric field 

produced by space charge). It is to be noted that photoelectric devices are 

electrical current sources driven by a flux of radiation.[ ]3  

 

     Photovoltaic generation of power is caused by radiation that separate 

positive and negative charge carriers in absorbing material. In the presence of 

an electric field, these charges can produce a current for use in an external 

circuit. Such fields exist permanently at junctions or in homogeneities in 

materials as "built-in" electric fields and provide the required EMF for useful 

power production.[ ]3  

 



 ٤

1-4 DC-DC Converters     

 

     DC-DC converters are widely used in power supply applications. Their 

ability to convert and stabilize dc voltage in a useful manner. DC-DC 

converters are often used together with rectifiers to convert ac voltage to a 

regulated dc. There are two basic converter topologies; the step-up (boost) 

and the step-down (buck). By combining them a number of different 

converters could be built.[ ]4  

 

1-5 Multiple-Input DC-DC Converters 

 

     Recently, the zero-emission electric power generation system has been 

developed aggressively to exploit clean energy resources such as the solar 

array, wind generator, fuel cell, and so forth. In this case, the multiple-input 

dc-dc converter is useful to combine several input power sources whose 

voltage levels and/or power capacity are different and to get regulated output 

voltage for the load from them.[ ]5  

 

1-6 Pspice 

 

     There are several circuit simulators available on the market such as SPICE, 

EMTP and SABER among several others[ ]6 . In this thesis a spice simulator is 

used, pspice. A spice stands for simulation program with integrated circuit 

emphasis.  

 

     By modeling PV system components by their equivalent electronic 

circuits, one can use pspice to run simulation and verify the impact of 

different topologies and control techniques on the system.[ ]7        
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1-7 Literature Survey 

 

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

phenomenon was discovered by French scientist Henri Bequerel in 1839.[ ]4  

 

     Charles Fritts (1883), an American inventor, described the first solar cells 

made from selenium wafers. In 1914 the existence of a barrier layer in PV 

devices was noted. Albert Einstein (1921) wins the Nobel Prize for his 

theories explaining the photovoltaic effect.[ ]8  

  

     Silicon solar cells are by far the most widely used and were first developed 

in 1954.Their main use has been for providing power for satellites since the 

1957 launching of sputnik.[ ]9  

      

     In 1963 Sharp Corporation succeeds in producing silicon PV modules.[ ]8  

     Simulation programs running on digital computers allow computer 

designers to predict the operation of new chips, aerospace engineers to predict 

the characteristics of new air frames, and building designers to predict the 

thermal characteristics of new building, all without building anything.[ ]10   

 

     Dave Turcott et.al (2001), presents the current status of PV system 

software tools by surveying and categorizing some of the most common 

programs available today. Following this, it assesses the needs for future 

development in simulation and sizing software.[ ]7  

      Greg Waldo et.al (2002), their solar model consists of four "G table" 

voltage to current sources wired in parallel. The G table part contains the 

current vs. voltage values.[ ]11  
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     Intusoft (2005), show that for simulator, the Si diode coupled with a 

photocurrent generator and ohmic resistance does the trick. It's assumed that 

solar cells are connected in series to achieve the desired open circuit voltage. 

Rather than connecting many diodes in series, it is convenient to scale the 

spice diode model.[ ]12   

 

     A.Aziz et.al (2006), focused in this paper on how to create a special library 

of some marketed solar panels in the orcad-pspice environment using the 

futures provided by the founder.[ ]13  

 

     Hirofumi Matsuo et.al (2004), show that in the zero-emission electric 

power generation system, a multiple-input DC-DC converter is useful to 

obtain the regulated output voltage from several input power sources such as a 

solar array, wind generator, fuel cell.[ ]5   

 

     Nicolas D. Benavides et.al (2005), discussed the use of a multiple-input 

buck-boost converter for budgeting power between different energy sources.  

It is shown mathematically that the idealized converter can accommodate 

arbitrary power commands for each input source while maintaining a 

prescribed output voltage. Power budgeting is demonstrated experimentally 

for a real converter under various circumstances, including a two-input (solar 

and line powered) system.[ ]14     

  

1-8 Thesis Overviews  

 

     In chapter one of the thesis, issues related to PV system requirement are 

identified, also a historical review was presented to show the extent of 

research interest in this field. 
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     Chapter two describes the principles and the electrical parameters of the 

PV cell (short circuit current, open circuit voltage, maximum power and fill 

factor), and then pspice model for PV cell was presented. 

      

     The simulation of the PV panel within the orcad-pspice simulator is 

presented in chapter three. The results from this chapter are used to 

investigate PV model validity as presented in chapter four. 

 

     Finally chapter five gives the conclusions and suggestions to continue and 

to extend this work in the future. 

 

1-9 The aim of thesis 

 

     This thesis provides theoretical studies to build PV modeling techniques of 

type SP75 using equivalent electric circuits. The step down (buck) converter 

with two selective inputs is designed to test the PV model validity. After 

modeling and simulating the PV panel model, this model will be tested as 

input source to the buck converter and compare its results with that from 

battery.     
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CHAPTER TWO 

Fundamental of Characteristics of the PV & Converters 

 

2-1 Introduction 

      

     A majority of PV cells are Si semiconductor junction devices, thus in order 

to study the PV cells should have an understanding of the basics of the 

junction diodes. Details are also given of the PV cell parameters (Short 

Circuit Current Isc, Open Circuit Voltage Voc, Maximum power Pmax and 

Fill Factor FF). 

 

     The I-V characteristics are analytically described and pspice models are 

introduced firstly for the simplest model. Then, it is generalized to take into 

account series resistance losses. 

  

     Also, the buck converter with multimode operation is presented here, in 

order to calculate the inductance and capacitance that is suitable for the 

optimum value of the PV model.   

 

2-2 P-N Junction 

     

      The basic requirement for photovoltaic energy conversion is an electronic 

asymmetry in the semiconductor structure known as junction. When n-type 

and p-type semiconductors are brought in contact, then electrons from n-

region near the junction would flow to the p-type semiconductor leaving 

behind a layer which is positively charged. Similarly holes will diffuse in the 

opposite direction leaving behind a negatively charged layer. A steady state is 

finally reached, resulting in a junction, which contains practically no movable 
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charges, hence the depletion region. Fig. 2-1 shows the energy levels in a p-n 

junction in state of photon absorption.     

 

 

 

 

 

 

 

 

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

     

     The p-n junction may be connected to a battery in two ways: i) In forward 

bias, the positive conventional circuit current passes from p to n material 

across a reduced band potential difference VB as shown in fig. 2-2a. ii) In 

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

band potential difference VB to overcome. 

 

 

                                                                                 

 

 

 

  

        

                                       ( )b                                                        ( )a  

 

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

bias. 
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     Thermally or otherwise generated electrons and holes recombine after a 

typical relaxation time τ, having moved a typical diffusion length L through 

the lattice. In intrinsic material the relaxation time can be long, τ~1s, but for 

commercial doped materials relaxation time are much shorter, τ~10-2 to 10-8 s. 

 

     Electrons and holes may be generated thermally or by light, and become 

carriers in the material as shown in fig. 2-3. Minority carriers in the depletion 

region are pulled across electrostatically down their respective potential 

gradients. The minority carriers that cross the region become majority carriers 

in the adjacent layer. The passage of these carriers causes the generation 

current Ig  which is mainly controlled by temperature in a given junction 

without illumination.  

         

     Generation                                                                   Recombination 

 

Figure 2-3: Generation and recombination current at p-n junction. 

   

     In an isolated junction, there cannot be overall imbalance of current across 

the depletion region. Thus, a reverse recombination current Ir  of equal 

magnitude occurs from the bulk material, this restores the normal internal 

electric field. The band potential VB is slightly reduced by Ir . The 
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recombination current Ir  can be varied by external bias as explained in fig. 2-

4. 

 

     Generation                                                                   Recombination 

Figure 2-4: Generation and recombination currents with external bias. 

 

2-2-1 P-N Junction Characteristics 

      

     The p-n junction characteristics have been given in fig. 2-5. With no 

external bias( )0=V . 

IgIr =  

With a forward bias of voltage V , the recombination current becomes an 

increased forward current. 








∗=
KT

eV
IgIr exp  

     The total current (with no illumination) is,  








 −






∗=−= 1exp
KT

eV
IgIgIrID  

     The above equation is the Shockley equation and can be written as,  








 −






= 1exp
KT

eV
IoID  ( )42−

( )12−

( )22−

( )32−
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     Where ( )IsIgIo ==  is the saturation current under reverse bias, before 

breakdown occurs. It is also known as leakage or diffusion current, for good 

PV cells Io~10-8 A.m-2. Its value increases with temperature (as shown by 

dashed line in fig. 2-5).[ ]3   

 

 

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

 

2-3 The P-N Junction PV Cell 

      

     Consider the p-n junction with a resistive load shown in fig. 2-6 is 

illuminated, an interesting phenomenon can be observed. In the circuit there 

will be a flow of current caused by a voltage appearing at the terminals of the 

photovoltaic cell. This voltage is labeled V (photovoltage) and the results 

current IL (photocurrent). The photovoltage arises from the generation of 

electron-hole pairs in the space-charge and the holes are swept into the p-side 

by the negative space charge. This movement charges the n-side negative and 

the p-side positively, with the resultant potential difference between the two 

sides being V .[ ]15                       
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Figure 2-6: A p-n junction PV cell with resistive load. 

 

     Incident photon illumination can create electron-hole pairs in the space 

charge region that will be swept out producing the photocurrent IL in the 

reverse bias direction as shown. This photocurrent produces a voltage drop 

across the resistive load which forward biases the p-n junction. The forward 

bias voltage produces a forward bias current IF (acts the dark current as 

illustrated in section 2-2) as indicated in the figure. The net p-n junction 

current, in the reverse bias direction, is 








 −






∗−=−= 1exp
KT

eV
IsIIII LFL  

 

     Where the ideal diode equation (or Shockley equation) has been used and 

the net p-n junction current acts the basic VI −  equation of PV cell. As the 

diode becomes forward biased, the magnitude of the electric field in the space 

charge region decreases, but does not go to zero or change direction. The 

photocurrent is always in the reverse bias direction and the net PV current is 

also always in the reverse bias direction.[ ]16  

 

( )52−
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2-3-1 Photovoltaic Modeling 

      

     From the basic VI −  equation of the PV cell, pspice model for PV cell 

behaves like a silicon diode in parallel with a current source generator, 

explained by fig. 2-7; the magnitude of the current is proportional to the 

illumination. 

  

     

 
 
 
 
 
 
 

Figure 2-7: VI −  electric circuit representation of the PV cell. 
 

 

2-3-2 The Fundamental Electric Parameters of the PV Cell  

       

     There are two limiting cases of interest seen from fig. 2-6. The short circuit 

condition occurs when 0=R so that 0=V . The current in this case is referred 

to as the short circuit current, or[ ]16  

LSC III ==  

     The second limiting case is the open circuit condition and occurs when 

R→ ∞. The net current is zero and the voltage produced is the open circuit 

voltage Voc . The photocurrent is just balanced by the forward biased junction 

current so we have 








 −






∗−== 1exp0
Vt

Voc
IsII L  

where                              
e

KT
Vt =   thermal voltage 
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     The open circuit voltage Voc  can be found as: 








 −






∗= 1exp
Vt
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1exp −



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I L  

Vt

Voc

Is

I L
exp1=+  

Vt

Voc
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I
Ln

L =






 +1  








 +∗= 1
Is

I
LnVtVoc

L  

     A plot of the diode current I  as a function of the diode voltage V  from eq. 

( )52−  is shown in fig. 2-8. Noted that the short circuit current and open circuit 

voltage point on the figure. 

 

 

       

           

                                            

                                                                                                

 
 
 

 
Figure 2-8: VI −  characteristics of a p-n junction PV cell. 

 
      

     The power delivered to the load is 

V
Vt

V
IsVIVIP L ∗







 −






∗−∗=∗= 1exp  

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

( )Mpp  to the load by setting the derivative equal to zero, or 0=
dV

dP . 
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     Fig. 2-9 shows the maximum power rectangle where Vm  is the optimum 

voltage which produces the maximum power and Im  is the current when, 

VmV = .[ ]16  

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-9: Maximum power rectangle of the PV cell VI −  characteristics. 
 
     

      The maximum power delivered is represented by the area of the largest 

rectangle that can be fitted under the curve. The squareness of the 

characteristic depends on the quality of the junction and the internal series 

resistance of the device. A measure of the squareness is the "fill factor", 

which is define[ ]17  
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VocIsc

Vm
FF

∗
∗= Im   

 

2-3-3 The dark & illuminated VI − characteristics 

 

     Practically, the electric current generated in the semiconductor is extracted 

by metal contact to the front and rear of the cell. Then, the total series 

resistance of the cell can be expressed as[ ]3  

                                      RbnRcnRbpRcpRs +++=                                    ( )192−  

     Where Rcp  is the metal contact to p-type semiconductor resistance; Rbp  

the bulk p-type resistance (bulk of p-type region is where most of 

electron/hole pairs are generated by the absorption of light and where 

minority carriers (electrons) are transported by diffusion and partially lost by 

recombination); Rcn  the contact to n-type semiconductor resistance and Rbn  

the bulk n-type resistance. 

 

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

named by Ip  due to surface effect or poor junction region. This alternate path 

for current constitutes a shunt resistance Rp across the junction[ ]3 . Then, the 

representation of the electric diagram for this state is shown in fig. 2-10.                 

 

 

                    

 

                

 

 

 

Figure 2-10: The generalized circuit diagram with shunt path Rp .     
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      And the current equation of PV cell is given by Eq.( )52−    

Ip
Vt

Vpn
IsII L −







 −






∗−= 1exp   

     where Vpn  is the voltage appearing on the p-n junction device, as well as,   

RpIpVpn ∗=  

     Applying Kirchoff's voltage law to the output PV cell containing onRs , 

Rp & V to find the value of Vpn  & Ip  

0=∗−−∗ RsIVRpIp  

Rp

RsIV
Ip

∗+=  

RsIVVpn ∗+=  

     Substitute the value of Ip  & Vpn  in eq.( )202− , the  VI −  equation is 

become;[ ]3  

Rp

RsIV

Vt

RsIV
IsII L

∗+−






 −
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
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

 ∗+∗−= 1exp   

     And VI −  characteristics of eq. ( )242−  is shown in fig. 2-11.   

 

 

 

 

 

 

 

 

Figure 2-11: VI − characteristics of a solar cell. 

 

     For good solar cell, the series resistance Rs  should be very small and the 

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

Rp  are much greater than the forward resistance of a diode so that it can be 

( )202−

( )212−

( )222−

( )232−

( )242−
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neglected and only Rs  are of interest[ ]3 , then the final ( )VI −  equation of the 

output PV cell is given below ; 








 −






 ∗+∗−= 1exp
Vt

RsIV
IsII L   

     The following are few of the characteristics parameters that have been 

discussed.[ ]3  

     The optimum load resistance ( ) maxmax RpPRL =  is connected, if the PV 

generator is able to deliver maximum power. 

                                        maxmaxmax IpVpP ∗=                                               

And                                  
max

max
max

Ip

Vp
Rp =                                                ( )272−  

     The efficiency is defined as; 

φ
η P=   

IVP ×= , is the power delivered by PV generator. 

AIt ×=φ , is the solar radiation falling on the PV generator. 

It  is the solar intensity and A   is the surface area irradiation.[ ]3                                          

               

     By neglect the shunt resistance Rp  for above reason, the final generalized 

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

 

 

 

 

    

 

 

                             

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

 

     Practically, after testing solar cells under test conditions and sorting to 

match current and voltage, about 36 solar cells are interconnected and 

encapsulated to form a module. Module consists of the following 

components: 

 

 

• Front cover low iron tempered glass. 

• Encapsulant, transparent, insulating, thermoplastic polymer, 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 multiple modules are used in 

arrays. Individual modules may have cells connected in series and parallel 

combinations to obtain the desired voltage and currents. Arrays of modules 

may also be arranged in series and parallel. For identical modules or cells 

connected series, the voltages are added, while when connected in parallel the 

currents are added.[ ]3  

 

     The SP75 module is a solar panel made of mono crystalline silicon. It 

consists of 36 solar cells connected in series (Fig. 2-13). The surface of each 

solar cell is about mmmm 125125 × . Module SP75 can deliver 75 Watts under 17 

volts (test standards condition TSC). The module surface is cmcm 7.52120 × . 
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Figure 2-13: Solar panel SP75. 

 

     The electric characteristic of this panel under TSC is described in table 1. 

Thus, it appears that panel SP75 can deliver, in the TSC, it W75 , A41.4  under 

an optimum voltage ofV17 .[ ]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 panel SP75 under TSC. 

 

2-5 Step-Down (Buck) Converter 

     

      Step-down converter as shown in fig. 2-14 converts a high input voltage 

to a lower output one. The ratio 
T

ton determines the level of step down. 

Vd
T

ton
Vo ∗=  

 

( )292−
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                     -a-                                                                  -b- 

 

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

                           current waveforms. 

      

     It is worth noting that the output voltage is linearly depending of the time 

ton . This makes it very easy to obtain a desired voltage. The low pass filter is 

used for different reasons. The switch produces high frequency ripple which 

the filter is low impedance. It is important to choose the cutoff frequency of 

the filter much lower than the switching frequency. Most applications don’t 

accept that the voltage is zero at the time toff . For this reason the low pass 

filter smoothes the voltage. The capacitance tries to stabilize the voltage and 

the inductance is trying to maintain a certain current. If the load isn’t purely 

resistive (this is almost impossible to have) a free-wheel diode is needed. It is 

anyway needed when a low pass filter is used. The diode conducts the current 

that is charged in all inductances, at the time toff . The inductance in the low 

pass filter is limiting the efficiency due to the resistance in the coils. The 

efficiency is usually quite good, ~90%.[ ]4  
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2-5-1 Continuous-Conduction Mode    

 

     Fig. 2-15 shows the waveforms for the continuous-conduction mode of 

operation where the inductor current flows continuously ( )[ ]0〉tiL . When the 

switch is on for time duration ton , the switch conducts the inductor current 

and the diode becomes reverse biased. This results in a positive voltage 

VoVdVL −=  across the inductor in fig. 2-15a. This voltage causes a linear 

increase in the inductor current Li .[ ]18  

 

     When the switch is turned off, because of the inductive energy storage. Li  

continue to flow. This current now flows through the diode, and VovL −=  in 

fig. 2-15b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-15: Step-down converter circuit states: (a) switch on (b) switch off. 
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     Since in steady state operation the waveform must repeat from one time 

period to the next, the integral of the inductor voltage Lv  over one time period 

must be zero, where tofftonTs += : [ ]18  

∫∫∫ =+=
Ts

ton

L

ton

L

Ts

L dtvdtvdtv 0
00

  

     In fig. 2-15, the foregoing equation implies that the area A and B must be 

equal therefore, 

( ) ( )tonTsVotonVoVd −=−   

     or 

D
Ts

ton

Vd

Vo ==   

     Therefore, in this mode, the voltage output varies linearly with the duty 

ratio of the switch for a given input voltage. It does not depend on any other 

circuit parameter. 

      

     Neglecting power losses associated with all the circuit elements, the input 

power Pd equals to the output powerPo : [ ]18  

PoPd =  

     Therefore, 

IoVoIdVd ∗=∗  

     and 

DVo

Vd

Id

Io 1==  

     Therefore, in the continuous-conduction mode, the step-down converter is 

equivalent to a dc transformer where the turn's ratio of this equivalent 

transformer can be continuously controlled electronically 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 conduction mode, fig. 2-16a shows 

the waveform for Lv  and Li . Being at the boundary between the continuous 

and the discontinuous mode, by definition, the inductor current Li  goes to zero 

at the end of the off period. 

 

     At the boundary, the average inductor current, where the subscript B refers 

to the boundary, is[ ]18  

( ) ( ) OBpeakLLB IVoVd
L

DTs
VoVd

L

ton
iI =−=−==

222

1
,  

 

Figure 2-16:Current at the boundary of continuous-discontinuous Conduction:     

(a) current waveform: (b) LBI  versus D  keeping Vd  constant. 

 

     Therefore, during an operating condition (with a given set of values for 

LVoVdTs ,,,  andD ), if the average output current (and, hence, the average 

inductor current) becomes less than LBI  given by eq.( )362− , and then Li  will 

become discontinuous.[ ]18  

( )362−
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2-5-3 Discontinuous-Conduction Mode   

 

     In some application, Vd  remains essentially constant and Vo  is controlled 

by adjusting the converter duty ratioD . 

 

     Since VdDVo ∗= , the average inductor current at the edge of the 

continuous-discontinuous mode from eq. ( )362−  is[ ]18  

( )DD
L

TsVd
I LB −= 1

2
 

     Using this equation, we find that fig. 2-16b shows the plot of LBI  as a 

function of the duty ratioD , keeping Vd and all other parameters constant. It 

shows that the output current required for a continuous-conduction mode is 

maximum at 5.0=D : 

     From eq. ( )372−  taking the differential with respect toD : [ ]18   

( ) 021
2

=−= D
L

TsVd

dD

dI LB  

     Substitute the value of D  from eq. ( )382−  in eq. ( )372−  

L

TsVd
I LB

8
max, =  

     From eq. ( )372−  and eq. ( )392−  

( )DDII MAXLBLB −= 14 ,  

     Next the voltage ratio Vd
Vo  will be calculated in the discontinuous mode. 

Let us assume that initially the converter is operating at the edge of 

continuous conduction as in fig. 2-16a, for a given values of ,,, VdLT  andD . If 

these parameters are kept constant and the output load power is decreased 

(i.e., the load resistance goes up or lighter load), then the average inductor 

current will decrease. As shown in fig. 2-17, this dictates a higher value of Vo  

than before and results in a discontinuous inductor current. 

 

( )372−

( )382−

( )392−

( )402−
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Figure 2-17: Discontinuous conduction in step-down converter. 

 

     During the interval Ts2∆  where the inductor current is zero, the power to 

the load resistance is supplied by the filter capacitor alone. The inductor 

voltage Lv  during this interval is zero. Again, equating the integral of the 

inductor voltage over one time period to zero yields 

( ) ( ) 01 =∆−+− TsVoDTsVoVd  

1∆+
=∴

D

D

Vd

Vo   

where 11〈∆+D . From fig. 2-17, 

Ts
L

Vo
i peakL 1, ∆=   

Therefore, 

2

1
,

∆+= D
iIo peakL  

using eq. ( )432−  

( ) 11
2

∆∆+= D
L

VoTs
Io  
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using eq. ( )422−  

1
2

∆= D
L

VdTs
Io    

using eq. ( )392−  

1max,4 ∆= DIIo LB   

DI

Io

LB max,
1

4
=∆∴   

From eqs. ( )422−  and ( )482−  








+
=

max,

2

2

4

1

LBI

Io
D

D

Vd

Vo   

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

operation for a constant Vd . The voltage ratio ( )VdVo is plotted as a function 

of 
max,LBI

Io for various values of duty ratio using eqs. ( )322−  and( )492− . The 

boundary between the continuous and the discontinuous mode, shown by the 

dashed curve, is established by eqs. ( )322−  and( )402− .[ ]18  

 

 

Figure 2-18: Step-down converter characteristics keeping Vd constant. 
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2-5-4 Output Voltage Ripple 

 

     The ripple in the output voltage with a practical value of capacitance can 

be calculated by considering the waveforms shown in fig. 2-19 for a 

continuous-conduction mode of operation. Assuming that all of the ripple 

component in Li  flows through the capacitor and its average component flow 

through the load resistor, the shaded area in fig. 2-19 represents an additional 

charge Q∆ . Therefore, the peak-to-peak voltage ripple Vo∆  can be written 

as[ ]18  

222

11 TsI

CC

Q
Vo

L∆=∆=∆   

     From fig. 2-15 during toff    

( )TsD
L

Vo
I L −=∆ 1  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-19: Output voltage ripple in a step-down converter. 
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     Therefore, substituting LI∆  from eq. ( )512−  into the previous equation 

gives 

( )TsD
L

Vo

C

Ts
Vo −=∆ 1

8
 

( ) ( )
222

1
2

1

8

1








−=−=∆∴

fs

fc
D

LC

DTs

Vo

Vo π  

     where switching frequency Tsfs 1=  and 

LC
fc

π2

1=  

Eq.( )532 −  shows that the voltage ripple can be minimized by selecting a 

cutoff frequency fc  of the low-pass filter at the output such thatfsfc〈〈 . Also, 

the ripple is independent of the output load power.  

      

2-6 Output Control Circuit  

      

     All converters use some kind of switching for obtaining a desired output 

which is independent of the input. This means that the output of the switching 

is a pulse width modulated signal where the average voltage is the desired one 

as shown in fig. 2-20.   

     

 

 

 

 

 

 

Figure 2-20: Simple step down converter. 
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     In order to stabilize the output a control system is used. A reference 

voltage is compared with the actual output as shown in fig. 2-21. If there is a 

mismatch, the control system adjusts the duty cycle in the switching. This is 

made by an OP amplifier and a comparator. The OP detects the error in output 

voltage and compares it with a sawtooth voltage. 

 

 

                                                                                

 
 
 
 
 
 
 

 

 

Figure 2-21: PWM circuit used for stabilizing the output voltage. 

      

     The switching frequency is often chosen in the range from a few kilohertz 

to some hundred kilohertz. This makes it possible to stay out of frequencies 

which could disturb other systems. With a good design and some low pass 

filtering the problem can be solved.[ ]4  

 

2-7 A multiple Input DC-DC Converter  

 

     Most electrical systems are supplied by one kind of energy source. 

Whether it is batteries, wind, solar, etc. Certain special cases are powered by 

two sources, such as, uninterruptible power supplies. 
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     The different sources such as PV cells and batteries will have different 

voltage and current characteristics. With multiple inputs, the energy source is 

diversified to increase reliability and utilization of renewable sources. An 

ideal multiple-input power supply could accommodate a variety of sources 

and combine their advantages automatically, such that the inputs are 

interchangeable. Such a converter could be relocated and still take advantage 

of the local environment, e.g., in some areas solar power would be readily 

accommodate, in others, utility power may be a specially reliable or 

inexpensive.[ ]5  
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CHAPTER THREE 

PV Panel Simulation Results 

  

3-1 Introduction 

      

     In this chapter the PV Panel has been simulated within the orcad-pspice 

simulator. Details are also given to the methods of measuring the panel 

parameters RsIsc,  and Is . Several techniques are described to create new 

components (PV), in the orcad-pspice simulator library which will be called 

directly by their equivalent circuits.    

 

3-2 Panel Parameters Calculation  

     

      The entire cell is represented according to the model of fig. 2-10. The current 

generator ( )LI  provides a short circuit current which is a function of the solar 

irradiation ( )varP  according to an equation determined by the characteristics 

VI −  provided by the manufacturer:  

bPaIsc −•= var  

     where, a and b are constants which depend on PV cells. 

     Eq. ( )13−  is similar to Eq. ( )252−  with some modifications, V  equal zero 

under short circuit current condition and become: 


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 −
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where  
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( )13−
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( )33−varPaIL •=
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     From the practical results obtained by A.Aziz et.al[ ]13 , the current crossing 

a cell could be described according to illumination ( )2/var mWP : 

 

( ) 0125.0var00481.0 −•= PAIsc   

     

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

irradiance power ( )varP   of 2/1000 mW  , a temperature of 025C . 

 

Therefore,                                 AI L 81.4=   

 

3-3 Simulation of the PV panel 

 

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

pspice if the parameters RsIsI L ,,  for a single cell are calculated. 

 

     The value of LI  (for single cell) is determined from eq. ( )63−  in order to 

determine Is  and the circuit shown in fig. 3-1 is used, Dspice  is a diode whose 

parameter Is  (saturation current) is calculated from simulation under open 

circuit voltage condition VocV = . 

 

  

 

 

 

            

 

 

                                                                

( )53−

( )63−
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Figure 3-1: The circuit diagram used to determine Is. 

      

      In order to eliminate the voltage drop across Rs, the PV cell terminal is 

connected to high resistance (Rout). 

 

      From Dc simulation result shown in fig. 3-2 (Is =436.96pA) at Voc = 0.602V 

(open circuit voltage for single cell). 

 

     According to the electrical characteristics of the panel SP75 (table 2-1) 

under test standard conditions the optimum load equal to 0.1069mΩ.  

 

     DbreakX (the pspice model of the diode) is built according to the results 

from fig. 3-2 (Is = 436.96pA, N = 1, Rs = 0.001Ω, XTI = 3, IKF = 0A, EG = 1.11eV, 

Cjo = 1pF, M = 0.3333, VJ = 0.75V, Fc = 0.5, ISR = 0.1pA, NR = 2, BV = 100V, IBV 

= 0.0001A). 
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     The last parameter Rs is represented as Rval in fig. 3-3 and simulated under 

optimum load resistance Rp (max). From Dc analysis results shown in fig. 3-4 

Rs = 13.95mΩ. 

      

     

 

 

 

 

 

 

 

 

Figure 3-3: The circuit diagram used to determine Rs. 

 

     Now it is possible to define the PV panel (SP75) by associating 36 

elementary cells in series as shown in fig. 3-5. Observe that the value of 

internal resistance Rs for whole model is the sum of the internal resistance of 

the entire cell; also is could be calculated in the same manner as in fig. 3-4. In 

both methods Rs equal to 500.946mΩ as shown in fig. 3-6. 
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Figure 3-5: The electrical circuit of the model SP75. 

 

3-4 Simulation Results 

 

     The model described in the previous paragraph has been implemented in 

the orcad-pspice. This model has been verified and used to find the optimal 

operation. Fig. 3-7 shows the current-voltage curve, obtained from the 

simulation (Dc analysis) of the PV model. The optimal load replaced by 

Rbreak to obtain all value of I and V. 

 

     The simulated model shows 21.7V open circuit voltage and 4.8A short 

circuit current at 25C° with 1000W/m2 solar irradiation. 
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     Next, the following figures (3-8) (3-9) depict the results of the simulation 

at different temperature and irradiation respectively. 

 

     The power vs. voltage plot is described on fig. 3-10. It reveals that the 

amount of power produced by the PV model varies greatly depending on its 

operating condition. It is important to operate the system at the maximum 

power point of PV model in order to exploit the maximum power from the 

model (P = 75.953W at V = 17V). 

 

     The location of the maximum power point in the ( )VP −  plane is not 

known beforehand and always changes dynamically dependence on irradiance 

and temperature. Fig 3-11 shows the ( )VP −  curve at the irradiance value but 

with a higher temperature and fig. 3-12 shows the ( )VP −  curve under 

decreasing irradiance at the constant temperature (25C°). There are 

observable shift where the maximum power point occurred. 

 

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

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

 

     The model which explained previously is very large so to minimize it an 

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

 

      

                        (a)                                                             (b) 

Figure 3-13: The hierarchical block (part) of SP75 in state of (a) open circuit 

voltage condition. (b) optimum load condition. 

 

     The results obtained from this integrated part (fig. 3-14, 3-15, 3-16, 3-17) 

and previous section are compatible. Therefore, the hierarchical block is used 

to define the PV panel model as integrated part into special library. This part 

will be called from that library to simulate the ( )VI −  and ( )VP −  

characteristics of the PV model, as well as this part is used as a source of 

energy to the power circuits. 
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CHAPTER FOUR 

  Testing the PV Panel Model 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. 

 

Figure 4-1: The step down converter configured in pspice. 
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     This converter is tested by assuming Vd constant. Therefore, L and C are 

calculated according to eqs. ( )392 − and ( )532 − respectively. 

 

     The parameters of these two equations are calculated according to the 

panel model ( )VI − curve shown in fig. 3-7. From that figure VVpv 8.19= at 

A4.2 ( )max,LBI . Therefore, 

AI LB 4.2max, ≈  

VVpvVd 8.19≈=  

sTs µ50=  

     HL µ52≈∴  

     The percentage ripple in the output voltage is usually specified to be less 

than 8%. 

VoVo 08.0=∆  

6.0=D  at continuous mode condition 

sTs µ50=  

HL µ52=  

FC µ30≥  

 

     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 a large 

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 Fµ2000  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 (LM324) detects the error output results from the 

difference between the reference voltage (Vref) and the actual voltage (Vfb); 

this error level is applied to the control terminal (pin5) of the 555 timer. 
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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 pin5. 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 AR  and the capacitor AC  limited the output pulse width for 

555 timer. These two elements are calculated according to the equation 

below;  

AAon CRT 098.1=  

     at sTon µ25= , let nFCA 7.4=  then Ω= kRA 85.4 . 
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4-2-2 MOSFET Gate Drive Circuit 

 

     The output of the PWM signal 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 (M2N6755) 

through a resistance Rg . 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 

1Rc  is connected between Vcc  and the output terminal of U19 to get the train 

of pulses. 

 

     In the same manner OP amplifier U23 (LM311) is used to drive the second 

MOSFET M2 (M2N6755). 

    

 

Figure 4-3: The gate drive circuit. 

 

4-2-3 Sources 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 panel and 

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

 

 

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 simulation of buck 

converter for different modes of operation, boundary continuous and  
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discontinuous, are presented. Transient simulation of the converter system 

was carried out in orcad-pspice simulator. 

 

     The simulation 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 a similar manner the simulation results for a buck converter operates in 

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 

Conclusions and Future Work 

 

5-1 Conclusions 

 

     From the present study, can conclude the following:    

 

1. This research described briefly how a PV panel consists of 36 cell 

connected   in series was created in the orcad-pspice simulator library. 

Therefore, for a given panel, electric characteristics (voltage-current) 

can simulate by calling directly the panel of the orcad-pspice library. 

All the panel parameters were calculated before the model defined in 

orcad-pspice (like Rs, Is). Also pspice model of diode, represent the 

elementary cell, was built by simulation (saturation current, identity factor, 

Nr, M…). 

2. The results shows that the PV model using the equivalent circuit in 

moderate complexity provides good matching with the real PV module. 

3. At the same time a two input Dc-Dc converter, was built in pspice to    

prove the validity of the PV panel model. This is achieved by 

comparing the results of the converter with a dc battery to that with the 

PV panel model. The converter with two sources gave us a compatible 

result with a good agreement between them. 

 

5-2 Future work 

 

     For future work, can recommend the introduction of the following open 

problems:       
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1. It is possible to symbolize a PV panel by associating 36 elementary 

cells in series and parallel. 

2. Study the effect of shading or mismatch for one cell or more in PV 

panel. 

3. Interfacing sources is important to consider, due to the different voltage 

and current characteristics of the PV panel and the battery. 
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Figure 4-5: The complete design of the two input PWM buck converter (interchange between the source operations). 
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