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Photovoltaic (PV) module parameters act an important task in PV system
design and simulation. Most popularly used single diode Rsh model has five
unknown electrical parameters such as series resistance (Rse), shunt
resistance (Rsh), diode quality factor (a), photo-generated current (Ipg) and
dark saturation current (Is) in the mathematical model of PV module. The PV
module output voltage and current relationship is represented by a
transcendental equation and is not possible to solve analytically. This paper
proposes nonlinear least square (NLS) technique to extract five unknown
parameters. The proposed technique is compared with other two popular
techniques available in the literature such as Villalva’s comprehensive
technique and modified Newton-Raphson (N-R) technique. Only two
parameters Rse and Rsh are estimated by Villalva’s technique, but all single
diode unknown electrical parameters can be estimated by the NLS technique.
The accuracy of different estimation techniques is compared in terms of
absolute percentage errors at MPP and is found the minimum for the

proposed technique. The elapsed time for parameter estimation for NLS
technique is minimum and much less compared to other two techniques.
Extracted parameters of polycrystalline ELDORA-40 PV panel by the
proposed technique have been validated through simulation and experimental
current-voltage (I-V) and power-voltage (P-V) characteristics.
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1. INTRODUCTION
Solar photovoltaic (PV) energy is becoming popular day by day, and a good deal of research is
going on PV generation because it needs less maintenance, simple to model and gives clean energy [1], [2].
The basic unit of a PV system is the PV cell which converts light energy into electrical energy. To meet the
load demand, many PV cells are joined in series and parallel fashion to make PV modules or panels [3]. For
large power application, many panels are again linked up in series-parallel fashion to make PV array.
Performance and efficiency of PV system are still below expectation, so a large amount of study is going on
to enhance the efficiency of the PV system. For extracting maximum power from the PV panel, the load line
must pass through the maximum power point (MPP). A converter with a proper MPP tracking (MPPT)
alogorithm is required for maximum power extraction from the panel. There is a significant impact of
environment on electrical characteristics of PV panel and MPP changes with a change in temperature and
irradiation. PV module has a unique operating point (I, Vimpp) Where available power is maximum [4]-[8].
Maximum power extraction from the PV panel is achieved by connecting a converter to the PV system and
controlling the voltage and current with MPPT algorithm to track the MPP at all operating condition. In PV
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power system, both PV panels and converters exhibit nonlinear and time-varying characteristics, which
result in challenging control problem [9], [10].

The arithmetical model of a PV panel is vital to know which is coupled to a power converter in a
PV system [11]. Unluckily all model parameters are not on hand in the data sheet provided by the
manufacturer. Manufacturer datasheet only provide few parameters like open circuit voltage (Vocn), Short
circuit current (lg ), voltage and current at maximum power point (Vmppn: Impp,n), temperature coefficients
for voItage (Ky), current (K) and power (K,) at standard test condition (STC). STC refers to irradiation of
1000 W/m? and temperature of 25°C. Therefore it is essential to estimate unknown parameters to model a
PV system accurately [12]. Different models of the PV module are classified as an ideal model, single diode
four parameters model and single diode five parameters model [13]. The most commonly used model is the
single diode five parameters model as shown in Figure 1. It has five unknown parameters as photo-
generated current (l,g), saturation current (ls), diode quality factor (a), series resistance (R) and shunt
resistance (Rg,). According to the semiconductor theory, diode D represents the p-n junction of the PV
module and current Iy stands for the escaping current through the p-n junction due to the diffusion
mechanism. Series resistance (Rs) represents the losses due to contact resistance and shunt resistance (Rgh)
represents the leakage current at the p-n junction of the PV module. There are different parameter extraction
techniques are available in literature with their merits and demerits [14]-[20]. In this paper, unknown
parameters are estimated by nonlinear least square (NLS) technique and experimentally validated with a
laboratory set up. The NLS technique is also compared with two known techniques such as Villalva’s
comprehensive technique and modified Newton-Raphson (N-R) technique [3], [21], [22]. The superiority of
the proposed NLS technique is established by comparing the absolute error of maximum power.

2.  MODELLING OF PV PANEL
The current voltage relationship of a PV panel is expressed as:[14]

D Vo #Reln ) | Vi #R.l
= -l | ex
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Figure 1.Popular Ry, model of PV panel

V,y and I, represent the module output voltage and current respectively, and V; is the thermal
voltage of the p-n junction The electrical properties of the PV panel depend upon the environmental factor
like solar insolation and temperature [23]. The dependency of photo-generated current and open-circuit
voltage of the PV module is represented by equations:

G
Py :[ngvn +Kldt]G_ (2)

n

V, =V, +K.dt (3)

oc,n

Where, Iy, and Vo, are measured at a nominal condition of the temperature of 25°C and irradiation
of 1000 W/m® . The temperature difference (dt=T-T,) is a difference between nominal and actual
temperature. G is the insolation at operating condition, and G, is insolation at nominal condition. The
saturation current of the PV module at a particular environmental condition is represented by equation (4)
[3].
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Figure 2. 1-V curve of ELDORA-40 PV panel and its three remarkable points

The simulated current-voltage (I-V) characteristic of the test module at STC is shown if Figure 2 with its
three remarkable points as I, Vo and Pryp. Power extraction from the PV panel will be maximum when the
module is operated at its MPP.

3. EXTRACTION OF PV MODULE PARAMETERS

Construction of exact PV model is possible if all the electrical parameters of the module are to be
extracted accurately. Here an attempt has been taken to extract the model parameters accurately using only
the parameters of the manufacturer datasheet without any measurement. Three methods are discussed here
with their merits and demerits.

3.1. Starting of the methods

To estimate five unknown parameters, five equations whose dependencies upon the unknown
parameters is needed. Rewriting equation (1) at three remarkable points as short-circuit, open-circuit and
MPP gives three equations as (5), (6) and (7) respectively [22].

Rl R_I
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Two more equations are needed for solving five parameters model. Another two equations can be considered
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Some literature uses v (V=V, )= R as one equation but it has some disadvantages as discussed in

[24]. Now five equations are available to extract five unknown parameters using equations (5)-(9). Further
improving the model the photo generated current may be written as equation (10) by neglecting saturation

current | in (5). Renmin @S given in equation (11) represents the minimum value of Ry, taken as initial value
of parallel resistance [3].

Ry, + R,
hon =5 h L (10)
V, Vv, -V
R mpp _ oc mpp (11)

sh,min:
Isc - Impp I

3.2. Review of Villalva’s iterative technique and mocified N-R technique
3.2.1. Villalva’s iterative technique

This method intends to adjust R, and Rg, values such that with one pair of {Rg, R}, the maximum
power as given in the datasheet (Pmppcurve= Vimpp™Impp) Must be equal to Pr,p, model. The iterative method
begins with Re=0 and Rg,= Rspmin. The adjustment of R, and Ry, continues until Py, curve= Pmpp,model SOIVING
(12). Figure 3 represents the flow diagram of Villalva’s technique. The main drawback of this technique is

parameters R, and Ry, are extracted by this method and I,4 and |5 values are calculated as per equation (2),

(10) and (4). The extracted parameter values highly dependent on chosen tolerance and increment on Ry
value in the parameter extraction process.

R = Virge (Vmpp +R,, Impp) (12)
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Figure 3. Flow diagram for Villalva’s iterative method

3.2.2.  Modified N-R technique
To mitigate slow convergence of N-R technique, the modified N-R technique has been developed to
solve nonlinear equations with multiple roots. This technique is utilized for estimation of unknown
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parameters X=[Rs, R, a. lpg, Is] by considering five nonlinear equations (5)-(9) using fsolve command in
MATLAB. Chosen initial parameters play a vital role in accurate estimation of parameters.

4. PROPOSED NLS TECHNIQUE
4.1. Starting of the technique
To estimate unknown parameters of the polycrystalline Eldora-40 PV test module, equations (5)-(9) rewritten

as [21].
R.I R.I
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To reduce the computational complication and for reduction of iterations, NLS algorithm modifies
multi-objective function to a single objective function. The initial parameter values, lower and upper limit
constraints are chosen with its physical significance. The flow algorithm for NLS technique used for
estimation of unknown parameters is shown in Figure 4. To solve five nonlinear equations by this approach,
Isgnonlin - command in MATLAB is wused. The objective function f(x) is chosen as

min, (f(x)) =f,(x)* +£,(x) +f,(x)* +f,(x)* +f;(x)* considering upper and lower limit constraints.

4.2. Initialization
Since the accuracy of estimation depends very well upon the initial parameter values, an intelligent
estimate of initial condition is very much essential for the solution to converge to the solution. From the
available literature [3][25] the initial values of different parameters are as follows.
e Ipgcould be approximated by Ig.
e | is determined using equation (4).
e Quality factor ‘a’ of the diode is chosenas1<a <2,
e Ry isalarge value approximated according to (11).
e R isvery small taken as 0, or in the range of milliohms.
In most cases, convergence occurs with the aforementioned initialization. If it fails, initialization
needs to be done randomly considering the range of each parameter values. The lower and upper bound of
search must be chosen carefully, keeping in mind the minimum and maximum values of the parameters.

5. RESULTS AND DISCUSSION
Unknown parameters are estimated by NLS technique and obtained results are compared with two
popular techniques like Villalva’s comprehensive technique and modified N-R technique. Module
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characteristics are drawn at STC and compared as shown in Figure 5 and Figure 6. Extracted parameter
values are validated by conducting experiment on ELDORA-40 PV panel. Figure 5 (a) shows the I-V
characteristic of the ELDORA-40 PV panel and the result shows the characteristics match the datasheet
remarkable points such as, ls, Voe, Vimpp, @nd Impp. Similarly Figure 5 (b) shows the P-V characteristics of the
ELDORA-40 PV panel and result shows the good agreement between the datasheet curve and simulated
curve using the extracted parameters. Tablel represents the datasheet of the test module at STC.

Inputs: datasheet parameters

SR

Initialize the unknown parameters,
Set lower and upper bounds of the
unknown parameters

v

Solve system of nonlinear equations:
Eqs.(13)-(17)

Function converge
to a solution?

Output:
Rse,Rsh,@,lpg,ls

End

Figure 4. Fowchart for nonlinear least square method of parameter extraction

Table 1. Datasheet of the test module ELDORA-40 at STC
Voc,n(V) Isc,n(A) Vmpp,n(v) Impp,n(A) Ns KV(V/OC) KI(A/OC)

21.8 2.4 17.2 2.20 36 -0.32% 0.04%

Table 2. Comparison of extracted parameters of the test module at STC

Parameters Villalva’s technique Modified N-R technique NLS technique
(Method-A) (Method-B) (Method-C)

Rs (Q) 0.493 0.53 0.58

Rsn () 939.35 466.31 704.24
a 1.5 (fixed) 1.41 1.4
log (A) 2.4 2.402 2.4

Is (A) 3.62e-7 1.1e-7 1.1e-7
Time of computation (S) 3.8 1.2 0.34
Absolute error of maximum power in % 0.43 0.24 0.07

The extracted parameter values are tabulated in Table 2 for ELDORA-40 PV module defined at
STC. The extracted parameter values are compared and it is seen that parameter values are in good agreement
with the datasheet characteristics. The absolute error of maximum power is calculated and seen that it is
minimum for NLS technique. The time of computation for parameter extraction is less in NLS technique as
compared to other two techniques.
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Figure 5. (a) 1-V (b) P-V characteristic of the test module at STC

5.1. Validation of the model

To validate the extracted parameter values, the characteristic curve of ELDORA-40 PV panel has
been drawn using the extracted parameter values. The test setup is placed inside the laboratory, and artificial
irradiation is used with the help of halogen light as shown in Figure 6. The current and voltage values are
measured from zero load to full load condition at 25°C of temperature and 220W/m?of irradiation. Parameters
extracted by NLS method has been used for simulation of the P-V and I-V curves of the PV panel at the
above mentioned temperature and irradiation. Figure.7 (a) and Figure 7 (b) shows good agreement between
the simulated and experimental characteristics, using the parameters extracted by the proposed NLS method.
The absolute percentage error of maximum power is calculated and is found less than one percent. The I-V
characteristic shown in Figure 7 (a) shows the simulated and experimental curve matching at almost all
points including the three remarkable points. Similarly, P-V characteristics shown in Figure 7 (b) also show
good agreement between simulated and experimental results.

Measurement Unit

R ]

Resistive
Load i

Figure 6. Test set-up of ELDORA-40 PV panel
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Figure 7. (a) 1-V (b) P-V characteristic of the test module using the parameters extracted by NLS technique

6. CONCLUSION

In this paper, NLS technique is proposed for parameter extraction of PV module and is compared
with other two well known techniques. All five unknown parameters of ELDORA-40 PV module extracted
using three different techniques and compared. The characteristics of the PV module show that proposed
NLS technique gives the best result with less computational complication compared to other two techniques.
It is seen that the proposed technique not only give good results at STC but also at other temperature and
irradiation. The absolute error of maximum power is compared with all the techniques and it is observed that
the value is very less for NLS technique. The absolute error of maximum power is also calculated taking the
experimental characteristics and simulated one at a temperature of 25°C and irradiation of 220 W/m?and it is
found less than one percent. From the experimental results, it is observed that the unknown parameter
extracted by the proposed NLS technique is correct and it validates the characteristic of the datasheet at all
the three remarkable points with less error.
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