


	
		×
		

	






    
        
            
                
                    
                
            

            
                
                    
                    
                        
                    
                

            

            
                                    Log in
                    Get Started
                            

        

        

        
            	Travel
	Technology
	Sports
	Marketing
	Education
	Career
	Social Media


            + Explore all categories
        


            






    

        
                

                
        
            CHAPTER 2 MODELING AND SIMULATION OF SOLAR PV...

        


        




    
        
            
                

                
                
            

            
                
                1

30
                
            

            
                
                100%
Actual Size
Fit Width
Fit Height
Fit Page
Automatic


                
            

			
        

        
            
                
                
                
            

            
                

                

                
                    
                     Match case
                     Limit results 1 per page
                    

                    
                    

                

            

        
        
            
                                    
    
        
        

        

        

        
        
            14 CHAPTER 2 MODELING AND SIMULATION OF SOLAR PV ARRAY 2.1 INTRODUCTION A Solar Photovoltaic (SPV) system directly converts sunlight into electricity. The basic building device of a SPV system is a SPV cell. Many SPV cells are grouped together to form the modules. Modules are normally formed by a series connection of the SPV cells to get the required output voltage. Modules with large output currents are realized by increasing the surface area of each SPV cell or by connecting them in parallel. A SPVA may be either a module or a group of modules connected in series and parallel configuration. The output of the SPV system may directly feed the loads or may use a power electronic converter to process it. These converters may be used to serve different purposes like to regulate the variables at the load side, to control the power flow in a grid connected systems, and mainly to track the maximum power available from the source. Model of the SPV system is required to be known to study the converter and other connected system performances. For this purpose models are required to represent the SPV cells/modules/arrays. The major task of this chapter is to develop a simulation model of the SPV cell as well as the modules to reproduce the characteristics of the existing cells/modules in the lab. SOLKAR (Model No.3712/0507) cells and modules are available in the laboratory for practical testing. The manufacturer’s datasheets for SOLKAR cell and module are given in 
        

        
    






                            

        

    









        
            	
					Upload

					phamliem
				
	
                    Category

                        Documents

                
	
                    view

                    219
                
	
                    download

                    0
                


        

        


        
                

                

        
        
            
                SHARE

                
                    
                    
                        
                                
                            

                        

                    

                    
                    
                        
                                
                            

                        

                    

                    
                    
                        
                                
                            

                        

                    

                    
                    
                        
                                
                            

                        

                    

                    
                    
                        
                                
                            

                        

                    
                

            

            
                                    Download
                                Report this document
            

            

        


        
            Embed Size (px):

            344 x 292
429 x 357
514 x 422
599 x 487


        

        

        

        
                
            Transcript of CHAPTER 2 MODELING AND SIMULATION OF SOLAR PV...

            Page 1
                        

14
 CHAPTER 2
 MODELING AND SIMULATION OF SOLAR PV ARRAY
 2.1 INTRODUCTION
 A Solar Photovoltaic (SPV) system directly converts sunlight into
 electricity. The basic building device of a SPV system is a SPV cell. Many
 SPV cells are grouped together to form the modules. Modules are normally
 formed by a series connection of the SPV cells to get the required output
 voltage. Modules with large output currents are realized by increasing the
 surface area of each SPV cell or by connecting them in parallel. A SPVA may
 be either a module or a group of modules connected in series and parallel
 configuration.
 The output of the SPV system may directly feed the loads or may
 use a power electronic converter to process it. These converters may be used
 to serve different purposes like to regulate the variables at the load side, to
 control the power flow in a grid connected systems, and mainly to track the
 maximum power available from the source. Model of the SPV system is
 required to be known to study the converter and other connected system
 performances. For this purpose models are required to represent the SPV
 cells/modules/arrays. The major task of this chapter is to develop a simulation
 model of the SPV cell as well as the modules to reproduce the characteristics
 of the existing cells/modules in the lab. SOLKAR (Model No.3712/0507)
 cells and modules are available in the laboratory for practical testing. The
 manufacturer’s datasheets for SOLKAR cell and module are given in
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 Appendix A1.1 and Appendix A1.2. In order to maintain the conditions of the
 simulation as realistic as possible, the characteristics of these cells/ modules
 are represented by the equivalent model in MATLAB M-file coding.
 This chapter begins with the brief and basic functioning of the SPV
 cell. It is followed by modeling and simulation of the SPV cells/ modules/
 arrays which is the main objective of this chapter. To study the shading
 effects of the SPV module, the modeling in the reverse biased conditions is
 also presented. Many models have been reported in the literature. Most of the
 authors have either neglected or have taken a constant value of the shunt
 resistance, Rsh in the model. Reverse characteristics of a module is greatly
 influenced by Rsh particularly in mono crystalline type SPV cells. The main
 feature of the proposed model is to include the effect of varying shunt
 resistance in the model. The variations of the series and shunt resistance with
 respect to irradiance level and temperature are also introduced in the proposed
 model. Experimental determination of a voltage-current characteristic of the
 solar module is required to validate the model. An attempt to determine such a
 characteristic by connecting a variable resistance across the module and
 measuring the voltage and current by meters is not always accurate due to
 varying cloud positions and temperature during the experiment. A simple and
 novel method to quickly draw the characteristics in both first and second
 quadrant and recording the results has been developed for this purpose and
 presented in this chapter. Characteristic between voltage and current with
 current less than the short circuit current is referred here as the first quadrant
 characteristic and between voltage and current for currents more than the
 short circuit value is referred here as second quadrant characteristic. In the
 first quadrant, voltage and current both are positive whereas in the second
 quadrant the voltage goes negative and current remains positive.
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 2.2 WORKING OF A SPV CELL
 The SPV cell is basically a semiconductor diode whose p-n
 junction is exposed to light. The SPV cells are made of several types of
 semiconductors using different manufacturing processes. At the present time,
 the mono crystalline and polycrystalline silicon cells are generally found at
 commercial scale. Silicon SPV cells are composed of a thin layer of bulk Si p-
 type substrate connected to an electric terminal. Top side of p-type substrate
 is doped with n-type material to form the p-n junction. A thin film metallic
 grid is placed on the sun facing surface of the semiconductor. Figure 2.1
 illustrates the physical structure of the SPV cell.
 Figure 2.1 Physical structure of SPV cell
 The incidence of light on the cell generates charge carriers that
 originate an electric current if the cell is short circuited. Charges are generated
 when the energy of the incident photons is sufficient to detach the covalent
 electrons of the semiconductor. This phenomenon depends on the
 semiconductor material and on the wavelength of the incident light. Basically
 photovoltaic phenomenon may be described as the absorption of solar
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 radiation, the generation and transport of free carriers at the p-n junction, and
 the collection of these charges at the terminals of the SPV cell (Rauschenbach
 1980, Lasnier and Ang 1990).
 The rate of generation of electric carriers depends on the flux of
 incident light and the capacity of absorption of the semiconductor. The
 capacity of absorption mainly depends on the semiconductor band gap, on the
 reflectance of the cell surface, on the intrinsic concentration of carriers of the
 semiconductor, on the electronic mobility, on the recombination rate, on the
 temperature, and on several other factors. The solar radiation is composed of
 photons of different energies. Photons with energies lower than the band gap
 of the SPV cell are useless and generate no voltage or electric current.
 Photons with energy superior to the band gap generate electricity, but only the
 energy corresponding to the band gap is used, the remainder of energy is
 dissipated as heat in the body of the SPV cell. Semiconductors with lower
 band gaps may take advantage or a larger radiation spectrum, but the
 generated voltages are lower. Si is not the only, and probably not the best,
 semiconductor material for the SPV cells, but it is the only one whose
 fabrication process is economically feasible in large scale. Other materials can
 achieve better conversion efficiency, but at higher and commercially
 unfeasible costs. The detailed study of the physics of SPV cells is
 considerably complicated and out of scope of the work considered. For the
 proposed work, it is sufficient to know the electrical characteristics of SPV
 cell.
 2.3 ELECTRICAL REPRESENTATION OF AN IDEAL SPV
 CELL
 When light (photons) hits the solar cell, electrons are knocked loose
 from the atoms of the semiconductor material creating the electron-hole pairs.
 If electrical conductors are attached to the positive and negative sides,
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 forming a closed electric circuit, the electrons are captured in the form of
 photon current, Iph. Hence the photovoltaic cell is a semiconductor device
 which behaves as a current source when driven by a flux of solar radiation
 from the sun. During darkness, the SPV cell is not an active device; it works
 as a diode, i.e. a p-n junction. However if it is connected to an external supply
 (large voltage) it generates a current called dark current or diode current, ID.
 It is represented by Shockley equation as given by Equation (2.1).
 1V
 VexpII
 tcell
 DrcellDcell (2.1)
 where ,
 q
 nkTVtcell - Thermal voltage
 Ircell-Reverse saturation current of the cell
 The photon current in the cell that results from solar radiation flows
 in the direction opposite of the forward dark current. Its value remains the
 same regardless of the external voltage and therefore it can be measured by
 the short circuit current (Isc=Iph). This current varies linearly with the
 intensity of solar radiation as increased radiation is able to separate increased
 charge carriers. The overall current is then described as the difference
 between the dark current and the photocurrent. If the sign convention of the
 current flow is reversed to describe the current which is produced by an
 illuminated cell then the cell equation from the theory of semiconductor
 (Rauschenbach 1980) that mathematically describes the I-V characteristics of
 the ideal SPV cell is represented by Equation (2.2).
 DcellphcellPVcell III (2.2)
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 2.4 MODELING OF PRACTICAL SPV MODULE
 The basic equation represented by Equation 2.2.does not represents
 the practical I-V characteristics of the SPV cell. Practical modules/arrays are
 composed of several SPV cells and the observation of characteristics at the
 terminals of the cells/module/array requires the additional parameters to the
 basic equation (Rauschenbach 1980). That is, to include the leakage current
 and the conductive losses of the cell, Rsh and Rse are added in the equivalent
 circuit. The final electrical equivalent circuit of the SPV cell consists of a
 current generator and a diode plus series and parallel resistances as shown in
 Figure 2.2. This is referred as standard five parameter model or single diode
 model of the SPV cell (Duffie and Beckman 2006).
 Figure 2.2 Electrical equivalent circuit of 5-parameter model of SPV cell
 From Figure 2.2, the mathematical equation of the output current of
 the cell is written as given by Equation (2.3).
 shDphPV IIII (2.3)
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 sh
 sePVPV
 t
 sePVPVrphPV
 R
 RIV1
 V
 RIVexpIII (2.4)
 The Equation (2.4) represents the practical SPV cell. Here the five
 parameters are Iph, Ir, Vt, Rse and Rsh. This equation can also be used to
 represent a series/parallel connected module by suitably modifying its
 parameters as shown in Table 2.1.
 Table 2.1 Modification of Parameters used to represent SPV module
 from SPV cell
 Parameters of the
 SPV cell
 Parameters of Series
 array of NS cells
 Parameters of Parallel
 array of NP cells
 Iph Iph NPIph
 Ir Ir NPIr
 Vt NSVt Vt
 Rse NSRse Rse/NP
 Rsh NSRsh Rsh/NP
 As with the connection of the cells to form the modules, a number
 of modules can be connected in a series string to increase the voltage level, in
 parallel to increase the current level or in a combination of the two. The exact
 configuration depends on the current and voltage requirements of the load.
 Matching of the interconnected modules in respect of their outputs can
 maximize the efficiency of the array. The conventional SPV module is
 constructed of several SPV cells (normally 36 cells) connected in series. The
 Equation (2.4) generates the I-V characteristics of the practical SPV module
 with NS cells in series as shown in Figure 2.3. In Figure 2.3, three remarkable
 points are indicated: short circuit point (0, Isc), maximum power point
 (Vmp, Imp) and open circuit point (Voc, 0).
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 Figure 2.3 I-V Characteristics of practical SPV cell with remarkable
 points
 Equation (2.4) represents the 5 parameter model of one diode
 model. Some authors have proposed different models that present better
 accuracy and serve for different purposes. Gow and Manning (1999),
 Hyvarinen and Karila (2003), Pongratananukul and Kasparis (2004),
 Chowdhury et al (2007) have used an extra diode to represent the effect of
 recombination of carriers. A three-diode model is proposed by Nishioka et al
 (2007) to include the in uence of the effects that are not considered by the
 previous models. For simplicity and reasonably good accuracy for the present
 work a single diode model of Figure 2.2 is considered. This model offers a
 good compromise between simplicity and accuracy (Vitorino et al 2007) and
 has been used by several other investigators, sometimes with simpli cations
 but always with the same basic structure (Patel and Agarwal 2008 a,
 Koutroulis et al 2009, Vitorino et al 2007, Veerachary 2006, Walker 2001).
 The simplicity of the single diode model with the method for adjusting the
 parameters and the improvements proposed in this work make this model
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 perfect for power electronics designers who are looking for an easy and
 effective model for the simulation of SPV devices with power converters.
 Manufacturers of the SPV arrays provide only a few experimental
 data about electrical and thermal characteristics instead of I-V equation.
 Unfortunately, some of the parameters required for adjusting the SPV array
 models cannot be found in the manufacturer’s datasheets, such as the photo
 generated or SPV current, the series and shunt resistances, the diode ideality
 factor, the diode reverse saturation current, and the band gap energy of the
 semiconductor. All SPV module datasheets show basically the following
 information: the nominal open circuit voltage (Voc,ref), the nominal short
 circuit current (Isc,ref), the voltage at the MPP (Vmp,ref), the current at the MPP
 (Imp,ref), the open circuit voltage/temperature coefficient ( ), the short circuit
 current/temperature coef cient ( ), and the maximum peak output power
 (Pmax,ref). This information is always provided with reference to the standard
 test conditions of temperature and solar irradiation (STC: Gref =1000 W/m2
 and Tref=25oC with an air mass, M=1.5 spectrum). Some manufacturers
 however provide I-V curve for several irradiation level/ insolation and
 temperature conditions. These curves make adjustment and the validation of
 the desired mathematical I-V equation easier.
 Electric generators are generally classi ed as current or voltage
 sources. The practical SPV device presents a hybrid behavior, which may be
 of current or voltage source type depending on the operating point, as shown
 in Figure 2.3. The practical SPV cell has a series resistance Rse whose
 in uence is stronger when the device operates in the voltage source region
 and a parallel resistance Rsh with stronger in uence in the current source
 region of operation. Rse is the sum of several structural resistances of the
 device. Rse basically depends on the contact resistance of the metal base with
 the p semiconductor layer, the resistances of the p and n bodies, the contact
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 resistance of the n layer with the top metal grid, and the resistance of the grid
 (Figure 2.1). Rsh resistance exists mainly due to the leakage current of the p–n
 junction and depends on the fabrication method of the SPV cell. The value of
 Rsh is generally high and some authors (Walker 2001, Veerachary 2006, Celik
 and Acikgoz 2007, Kuo et al 2001, Khouzam et al 1994, Glass 1996, Altas
 and Sharaf 2007) neglect this resistance to simplify the model. The value of
 Rse is very low, and sometimes this parameter is also neglected (Glass 1996,
 Tan et al 2004, Kajihara and Harakawa 2005, Benavides and Chapman 2008).
 I-V characteristic of the SPV cell shown in Figure 2.3 depends on
 the internal characteristics of the device (Rse, Rsh) and on external in uences
 such as irradiation level and temperature. The amount of an incident light
 directly affects the generation of the charge carriers, and consequently, the
 current generated by the cell. The photon generated current (Iph) of the
 elementary cells, without the in uence of the series and parallel resistances, is
 difficult to determine. Datasheets only inform the nominal short circuit
 current (Isc,ref ),which is the maximum current available at the terminals of the
 practical cell. The assumption Isc,ref Iph,ref is generally used in the modeling
 of the PV devices because in the practical devices the series resistance is low
 and the parallel resistance is high. The photo generated current of the SPV
 cell depends linearly on the solar irradiation and is also in uenced by the
 temperature according to Equation (2.5) (De Soto et al 2006, Kou et al 1998,
 Driesse et al 2007, Sera et al 2007):
 ref
 refref,phphG
 GTT1II and ref,scref,ph II (2.5)
 where Iph,ref (in amperes) is photo generated current at STC and G (in W/m2) is
 the irradiance on the cell surface.
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 The diode saturation current Ir and its dependence on the
 temperature may be expressed as given in Equation (2.6). (De Soto et al 2006,
 Hussein et al 1995)
 T
 1
 T
 1bexp
 T
 TII
 ref
 n
 3
 refref,rr (2.6)
 where b is the band gap energy of the semiconductor (b=1.12eV for Si at
 25oC (De Soto et al 2006, Walker 2001) and Ir,ref is the nominal saturation
 current represented by Equation (2.7) with Vt,ref being the thermal voltage of
 Ns series-connected cells at the reference temperature Tref.
 1V
 Vexp
 II
 ref,t
 ref,oc
 ref,sc
 ref,r (2.7)
 The saturation current Ir of the SPV cells that compose the device
 depend on the saturation current density of the semiconductor (J0, generally
 given in A/cm2 and on the effective area of the cells. The current density J0
 depends on the intrinsic characteristics of the SPV cell, which depend on
 several physical parameters such as the coefficient of diffusion of electrons in
 the semiconductor, the lifetime of minority carriers, the intrinsic carrier
 density, etc. (Nishioka et al 2007). This kind of information is not usually
 available for the commercial SPV modules. In this work, the nominal
 saturation current Ir,ref is indirectly obtained from the experimental data
 through Equation (2.7), which is obtained by evaluating Equation (2.4) at the
 reference open-circuit condition, with V = Voc,ref , I = 0, and Iph Isc,ref .The
 value of the diode constant ‘n’ may be arbitrarily chosen initially. Many
 authors discuss ways to estimate the correct value of this constant (Celik and
 Acikgoz 2007, Carrero et al 2007). Usually, 1 n 1.5 and the choice depend
 on other parameters of the I-V model. Some values for ‘n’ are found, based on
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 empirical analyses (De Soto et al 2006). As is given in Carrero et al 2007,
 there are different opinions about the best way to choose ‘n’. Because ‘n’
 expresses the degree of ideality of the diode and it is totally empirical, any
 initial value of ‘n’ can be chosen in order to adjust the model. The value of ‘n’
 can be later modified as expressed in Equation (2.8) in order to improve the
 model fitting.
 ref
 refT
 Tnn (2.8)
 This constant affects the curvature of the I-V curve and its variation
 can slightly improves the model accuracy.
 2.5 IMPROVING THE MODEL
 The SPV model described in the previous section can be improved
 if Equation (2.6) is replaced by Equation (2.9).
 1nV
 TTVexp
 TTII
 T
 refref,oc
 refref,sc
 r (2.9)
 This modification aims to match the open-circuit voltages of the
 model with the experimental data for a very large range of temperatures.
 Equation (2.9) is obtained from Equation (2.6) by including current and
 voltage coefficients and in the equation. The saturation current Ir is
 strongly dependent on the temperature and Equation (2.9) proposes a different
 approach to express the dependence of Ir on the temperature so that the net
 effect of the temperature is the linear variation of the open-circuit voltage
 according to the practical voltage/temperature coefficient. This equation
 simplifies the model and cancels the model error at the vicinities of the open-
 circuit voltage, and consequently, at other regions of I-V curve.
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 Two parameters remain unknown in Equation (2.4), which are Rse
 and Rsh. A few authors have proposed ways to mathematically determine
 these resistances. Although it may be useful to have a mathematical formula
 to determine these unknown parameters, any expression for Rse and Rsh will
 always rely on experimental data. Some authors propose varying Rse in an
 iterative process, incrementing Rse until the I-V curve visually fits the
 experimental data and then vary Rsh in the same fashion. This is quite a poor
 and inaccurate fitting method, mainly because Rse and Rsh should not be
 adjusted separately if a good I-V model is desired. This proposed model uses
 a method for adjusting Rse and Rsh based on the fact that {Rse, Rsh} is the only
 pair that warranties Pmax,m = Pmax,e = VmpImp at the (Vmp, Imp) point of the I-V
 curve, i.e., the maximum power calculated by the I-V model of Equation
 (2.4), (Pmax,m) is equal to the maximum experimental power from the
 datasheet (Pmax,e) at the MPP. Conventional modeling methods found in the
 literature take care of the I-V curve but forget that the P-V (power versus
 voltage) curve must match the experimental data too. Works like (Glass 1996)
 and (Ortiz-Rivera and Peng 2005) gave attention to the necessity of matching
 the power curve but with different or simplified models. The relation between
 Rse and Rsh, the only unknowns of Equation (2.4), may be found by making
 Pmax,m = Pmax,e and solving the resulting equation for Rse (Villalva et al 2009).
 sh
 sempmpmp
 rmp
 Ts
 mpsemp
 rmpphmpemax,mmax,R
 RIVVIV
 VnN
 IRVexpIVIVPP (2.10)
 emax,rmp
 Ts
 mpsemp
 rmpphmp
 sempmpmp
 sh
 PIVVnN
 IRVexpIVIV
 RIVVR (2.11)
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 Equation 2.11 shows that for any value of Rse, the calculated value
 of Rsh makes the mathematical I-V curve cross the experimental maximum
 point (Vmp, Imp). The peak value of power in the characteristic curve is highly
 dependent upon the value of Rsh and therefore Rsh should be modeled
 properly.
 The aim is to find the value of Rse (and hence, Rsh) that makes the
 peak of the mathematical P-V curve coincide with the practical peak power
 point. This requires several iterations until Pmax,m = Pmax,e . In the iterative
 process, Rse must be slowly incremented starting from Rse = 0. Adjusting the
 P-V curve to match the experimental data requires finding the curve for
 several values of Rse and Rsh. The simplified flowchart of the iterative
 modeling algorithm is illustrated in Figure 2.4. Actually, plotting the curve is
 not necessary, as only the peak power value is required. Figure.2.5 illustrates
 how this iterative process works. In Figure 2.5, as Rse increases, the P-V curve
 moves to the left and the peak power (Pmax,m) goes toward the experimental
 MPP. For every P-V curve, there is a corresponding I-V curve. As expected
 from Equation (2.10), all I-V curves cross the desired experimental MPP
 point at (Vmp, Imp). Plotting the P-V and I-V curves require solving the
 Equation (2.4) for I [0, Iscref] and V [0, Vocref]. Equation (2.4) does not have
 a direct solution because I = f (I, V) and V = f (V, I). This transcendental
 equation must be solved by a numerical method and this imposes no
 difficulty. The I-V points are easily obtained by numerically solving g (I, V) =
 I f (I, V) = 0 for a set of voltage values and obtaining the corresponding set
 of current points. Obtaining the P-V points is straightforward.
 The iterative method gives the solution Rse = 0.47 at reference
 condition for the SOLKAR module. Figure 2.5 shows a plot of Pmax,m as a
 function of ‘V’ for several values of Rse . There is an only point,
 corresponding to a single value of Rse that satisfies the imposed condition
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 Pmax,m = Vmp Imp at the (Vmp, Imp) point. Figure 2.6 shows the I-V and P-V
 curves of the SOLKAR SPV module adjusted with the proposed model. The
 model curves exactly match with the experimental data at the three
 remarkable points provided by the datasheet: short circuit, maximum power,
 and open circuit. The adjusted parameters and model constants are listed in
 Table 2.2.
 The model developed in the preceding sections may be further
 improved by taking advantage of the iterative solution of Rse and Rsh. Each
 iteration updates Rse and Rsh toward the best model solution, so Equation
 (2.12) may be introduced in the model.
 scref
 sh
 seshphref I
 R
 RRI (2.12)
 Equation (2.12) uses the resistances Rse and Rsh to determine
 Ipv Isc. The values of Rse and Rsh are initially unknown but as the solution of
 the algorithm are refined along successive iterations the values of Rse and Rsh
 be inclined to the best solution and the Equation (2.12) becomes valid and
 effectively determines the light-generated current Iph taking in account the
 influence of the series and parallel resistances of the module. Initial guesses
 for Rse and Rsh are necessary before the iterative process starts. The initial
 value of Rse may be zero. The initial value of Rsh may be given by
 Equation (2.13)
 mp
 mpref,oc
 mpseref
 mp
 min,shI
 VV
 II
 VR (2.13)
 Equation (2.13) determines the minimum value of Rsh, which is the
 slope of the line segment between the short circuit and the maximum power
 remarkable points. Although Rsh is still unknown, it surely is greater than
 Rsh,min and this is a good initial guess. The effect of modifications in the model
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 is self explanatory with the help of the simulated modeling equations which
 are shown below.
 Figure 2.4 Algorithm to adjust I-V characteristics of SPV module
 Get Inputs:
 G, T, Voc,ref, Isc,ref
 Pmax = tol
 Yes
 No
 Increment Rse
 End
 Calculate Ir,ref using Equation(2.7)
 Set Initial conditions:
 Rse=0;
 Calculate Rsh, min using Equation (2.13)
 Power P = 0
 Tolerance = 0.001
 Calculate Iph,ref using Equation (2.12)
 Calculate Iph, Isc using Equation (2.5)
 Calculate Rsh using Equation (2.11)
 Solve Equation (2.4) for 0 V Voc
 Calculate Power for 0 V Voc
 Find Pmax
 Calculate Pmax = ||Pmax-Pmax,e||
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 Figure 2.5 SOLKAR SPV module characteristics for different values of
 Rse and Rsh
 Figure 2.6 SOLKAR SPV module adjusted characteristics
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 Table 2.2 Comparison of Parameters of the Proposed Model and
 SOLKAR datasheet values at Reference conditions (Appendix
 A1.2)
 S.No. Parameters With constant Rsh
 Proposed
 ModelDatasheet
 1 Maximum Power, Pmax 38.69 W 37.08 W 37.08 W
 2 Voltage at Maximum power, Vmp 16.69 V 16.56 V 16.56 V
 3 Current at Maximum power, Imp 2.32 A 2.25 A 2.25 A
 4 Open circuit voltage, Voc 21.2 V 21.24 V 21.24 V
 5 Short circuit current, Isc 2.55 A 2.55 A 2.55 A
 6 No. of Series Cells , NS 36 36 36
 7 Series resistance, Rse Variable VariableNot
 specified
 8 Shunt resistance, Rsh 145.62 VariableNot
 specified
 9 Ideality Factor, n 1.5 VariableNot
 specified
 2.6 ADDITIONAL IMPROVEMENT IN THE MODEL
 The method to find Rsh presented in section 2.5 requires
 experimental value of maximum power for every change in environmental
 condition to calculate the corresponding values of Rsh and Rse as shown in
 Figure 2.4. An alternative way to is to derive an empirical Equation (2.14)
 whose parameters have been experimentally determined. The dependency of
 Rsh on temperature ‘T’ was found to be negligible and hence neglected to
 reduce the complexity of the model. The MATLAB M-file coding for the
 model is given in Appendix A1.3.
 086.0G
 6.4R sh (2.14)
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 2.7 MODELING OF REVERSE CHARACTERISTICS OF SPV
 CELL
 Commercially available modules consist of series connection of the
 cells to produce voltage levels of practical use. Because of the series
 connection, all the cells are forced to carry the same current called module
 current. If one or more cells receive less illumination as compared to others,
 these cells may get reverse biased leading to their heating and possible
 damage. Even when a group of cells (generally 36/18) are shunted by a
 reverse biased diode, cells within the group may get reverse biased and may
 get damaged. Figure 2.7 shows the I-V characteristics of a single cell in first
 and second quadrants. Whereas the forward characteristic extends to the open
 circuit voltage of approximately 0.6 Volts, the reverse biased characteristic is
 much more extensive and limited by the breakdown voltage. If the cell is
 shaded, its short circuit current is less than the module current so that it is
 operated at the reverse voltage characteristic, causing power loss. Hence it is
 required to model the reverse characteristics of the SPV cell for the complete
 representation.
 Figure 2.7 I-V Characteristics of the SPV cell in the forward and
 reverse biased conditions
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 This breakdown of the SPV cell is not taken into account in the five
 parameter model shown in Figure 2.2. Therefore the extension of the model
 based on the model of Bishop (Bishop 1988) is considered. This model
 includes an extension term which describes the diode breakdown at high
 negative voltages. Figure 2.2 is improved to represent the reverse
 characteristics and is shown in Figure 2.8.
 Figure 2.8 SPV cell Reverse bias model
 The modified leakage current term Ishm (Equation 2.14) describes
 the diode breakdown at high negative voltages. The leakage current term Ishm,
 which is a function of voltage and controls the cell reverse characteristic,
 consists of an ohmic term (current through the shunt resistance) and a non-
 linear multiplication factor (Alonso-Garcia and Ruizb 2006 a, Hartman et al
 1980, Quaschning and Hanitsch 1996) describing avalanche breakdown (Pace
 et al 1986) is given by Equation (2.14).
 m
 br
 sh
 sh
 shshm
 V
 V1a1
 R
 VI (2.14)
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 where ‘Vsh’ is the voltage across the junction (V), Vbr is the junction break
 down voltage, ‘a’ is the fraction of ohmic current involved in avalanche
 breakdown and ‘m’ is the avalanche break down exponent. Equation (2.4) is
 modified as Equation (2.15).
 1V
 RIVexpIII
 t
 sePVPVrphPV
 shmI
 m
 br
 sePVPV
 sh
 sePVPV
 sh
 sePVPV
 V
 RIV1
 R
 RIVa
 R
 RIV(2.15)
 The electrical behavior of the solar cell can be described by the
 Equation (2.15) over the entire voltage range. The unknown parameters are
 ‘a’, ‘Vbr’ and ‘m’. These parameters are calculated by extracting parameters in
 those areas of practical I-V characteristic which are more significant. The
 measured I-V characteristics under reverse biased conditions for dark
 condition is shown in Figure.2.9. Breakdown voltage is calculated by linear
 regression of the straight line of voltage against the inverse of current near
 breakdown region from the dark characteristics (Alonso-Garcia and Ruizb
 2006 a). The breakdown voltage Vbr is found to be 13.5 V. The other two
 parameters are found by tuning them in model by trial and error method so as
 to match with the experimental characteristics. The values of ‘a’ and ‘m’ were
 found to be 0.10 and -3.70 respectively. The modelled and experimental
 curves of reverse biased measurements for dark and illuminated conditions
 are shown in Figure 2.10. The characteristics are smoothened by curve fitting.
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 Figure 2.9 Calculation of Vbr from the dark characteristics of SPV cell
 Figure 2.10 Experimental and modeled curves of reverse bias
 measurements of SPV cell
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 The single SPV cell model in the reverse biased condition is
 extended to simulate SPV module consists of 36 cells in series by making Vbr
 multiplied by 36(Ns) and the modifications in ‘m’ and ‘a’. The complete
 simulated curve of the solar module in both forward and reverse biased modes
 for a particular illumination is shown in Figure 2.11. M-file code for the same
 is given in Appendix A1.4.
 Figure 2.11 Simulation of SOLKAR SPV module by Equation (2.15)
 2.8 VALIDATING THE MODEL
 Tables 2.2 and Figure 2.6 show that, the developed model and the
 experimental data are closely matched at the reference remarkable points of
 the I-V curve, and the experimental and mathematical maximum peak powers
 coincide. The objective of adjusting the mathematical I-V curve at the three
 remarkable points was successfully achieved (at V = 0, at V = Voc and at V =
 Vmp). In order to test the validity of the model, a comparison with other
 experimental data (different from the reference remarkable points) is very
 useful.
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 Due to randomly changing field conditions, it is difficult to use
 voltmeter-ammeter method to draw the characteristics of the SPV module.
 Several systems for measuring I-V characteristic of solar modules have been
 proposed. Most of them can characterize them only in the first and fourth
 quadrants. They use adjustable resistance (http://emsolar.ee.tuberlin. de/lehre/
 english/pv1/index.html), programmable electronic load (http:// www. pvmeas.
 com /ivtester.html), active load (Benson et al 2004) or capacitors for variable
 load (Recart et al 2006). It is required to develop a simple, inexpensive and
 automatic I-V characteristic measurement system in both I and II quadrants.
 A simple and novel method to quickly draw the characteristics of
 the SPV module under field conditions is proposed in this work. The
 schematic of the proposed plotter is shown in Figure. 2.12. The op-amp, the
 MOSFET and the resistor Rsense have been so connected that the current of the
 solar panel is proportional to the voltage applied to the non-inverting port of
 the op-amp. A linear MOSFET (IRF 150/IRF 460) is used as a load resistance
 (Kuai and Yuvarajan 2006). Gate-Source port of the MOSFET is driven by a
 low frequency triangular wave signal. For good results, the gate signal should
 be large enough to cover the entire range of the panel current from open
 circuit to short circuit. To plot the characteristic in the second quadrant, the
 panel current should increase beyond the short circuit value. For this purpose,
 a variable Regulated Power Supply (RPS) has been connected in series. While
 plotting the characteristics in the first quadrant, the RPS may be removed or
 set to zero and while plotting the characteristic in the second quadrant,
 appropriate voltage of the RPS is set and magnitude of the triangular
 triggering signal is also set so that the current swings between zero to beyond
 short circuit value. If a general purpose Cathode Ray Oscilloscope (CRO) is
 used then the voltage applied to the non-inverting port of the Op-Amp should
 be repetitive to observe a steady pattern. When the panel current varies from
 zero to maximum, the full characteristic is drawn and the same characteristic
 http://emsolar.ee.tuberlin.
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 is retraced when the current varies from maximum to zero. Due to large
 capacitance between the cells and earth, the retraced pattern does not exactly
 follow the earlier pattern and therefore two characteristics are seen on the
 screen of the CRO. As low frequency signal is applied at non-inverting port of
 the Op-Amp, to minimize the current flow in the capacitance. A signal
 frequency of 1 Hz was therefore used. For uniform intensity of the trace on
 the CRO screen, the slope of the trigger should be constant. Therefore
 triangular wave has been used.
 Figure 2.12 Schematic of the Proposed Electronic Load (The polarities
 in the brackets indicate the condition when the module
 current exceeds the short circuit current value)
 In this work, Digital Storage Oscilloscope (DSO) has been used
 therefore repetitive trigger signal is not required and only a slow changing
 ramp signal to change the current from zero to short circuit value or beyond
 will be sufficient to plot the complete characteristic. For equidistant samples,
 a linear slope has been used. A typical plot of first and second quadrant
 characteristic using this plotter is shown in Figure 2.13.
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 Figure 2.13 First and second quadrant characteristics with proposed
 characteristic plotter
 The hardware set up of the electronic load is shown in Figure 2.14.
 Figure 2.15 shows a sample snap shot of the CRO screen describing the I-V
 characteristics of the module. GWINSTEK GDS-1022 Digital Storage
 Oscilloscope (DSO) is used to trace the practical characteristics. It is
 calibrated using Fluke 5500A Multi-Product Calibrator.
 Figure 2.14 Hardware set up of the Proposed Electronic load
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 Figure 2.15 Sample snap shot of DSO screen for I and II quadrant plots
 For different irradiance levels and temperature the practical
 characteristics are easily traced out using proposed electronic load method
 and the relevant data traced by DSO are stored in Excel spreadsheet for
 comparison of model parameters. Solar irradiance level/ insolation of 1000
 W/m2
 corresponds to a short circuit current of 2.55 A as per the datasheet of
 SOLKAR modules. In all the experiments the solar insolation has been
 measured as proportional to short circuit current. Figure 2.16 shows the
 experimental and mathematical model derived characteristic curves at
 different irradiations. Figure 2.17 shows the same characteristic curves at the
 same irradiance level but different temperature conditions. It was observed
 that experimental and model derived characteristic closely match at the
 remarkable points. The accuracy of the model for the other points may be
 slightly improved by running more iteration with other values of the ‘nref’,
 without modifications in the equations. The five suggested points of the
 model (Karatepe 2006) against the practical characteristics are checked to
 know the suitability and accuracy of the developed model. These are
 presented in Table 2.3.
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 Table 2.3 Comparison of proposed model values with practical values at
 remarkable points
 Current in amperes at T=300C
 G=1000 W/m2
 G=750 W/m2 G=498 W/m
 2 G=245 W/m
 2
 Remarkable
 voltage points
 Model Practical Model Practical Model Practical Model Practical
 V=0 2.55 2.55 1.91 1.91 1.27 1.27 0.63 0.63
 V=0.5Voc 2.49 2.49 1.86 1.86 1.24 1.24 0.62 0.62
 V=Vmp 2.25 2.25 1.69 1.69 1.12 1.12 0.56 0.56
 V=0.5(Voc+Vmp) 1.65 1.65 1.24 1.24 0.79 0.79 0.37 0.37
 V=Voc 0 0 0 0 0 0 0 0
 Current in amperes at G=985 W/m2
 T=340C T=42
 0C T=59
 0C
 Remarkable
 voltage points
 Model Practical Model Practical Model Practical
 V=0 2.56 2.56 2.61 2.61 2.64 2.64
 V=0.5Voc 2.49 2.49 2.53 2.53 2.55 2.55
 V=Vmp 2.27 2.27 2.20 2.20 2.13 2.13
 V=0.5(Voc+Vmp) 1.68 1.68 1.58 1.58 1.43 1.43
 V=Voc 0 0 0 0 0 0
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 Figure 2.16 Characteristics of 36 series connected cells (SOLKAR) as
 per the proposed model and Experimental at T=300C
 Figure 2.17 Characteristics of 36 series connected cells (SOLKAR) as
 per the Proposed model and Experimental at G=985 W/m2
 The developed model agrees very accurately with the experimental
 set of readings at remarkable points.
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 2.9 CONCLUSION
 The well known mathematical model of a SPV module has been
 improvised using an additional equation showing the insolation/irradiance
 dependent shunt resistance. Parameters of this equation have been determined
 through experimentation. To draw the characteristic of the SPV module in I
 and II quadrant, a novel electronic load circuit has been developed so that the
 characteristic can be drawn quickly and data stored before any change in
 irradiance level and/or temperature occur. This electronic load has been
 utilized for experimentally determining the parameters of the model. It was
 experimentally found that the value of the shunt resistance Rsh prominently
 depend upon irradiance level and its variation with temperature is very low.
 An empirical relation was established between Rsh and irradiance level by
 conducting a series of experiments and recording the characteristic at different
 irradiations. The proposed model is more accurate when applied to analyze
 SPV module characteristics under partial shaded conditions. The developed
 model can be interfaced with power electronics circuits to see the impact of
 shading and can be used to develop new methods to reduce the adverse effects
 of partial shading. The proposed electronic load method is a better circuit for
 display and recording of the characteristic in field conditions as compared to
 other known circuits. This chapter provides all the necessary information to
 easily develop the accurate five parameter SPV array model for analyzing and
 simulating a SPV module.
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