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Abstract

This paper presents the evolution of the single
diode five parameters model for different
manufacturer's modules. Also a novel procedure is
improved to estimate the parameters of a PV
model. The proposed procedure proposes an easy
and accurate alternative approach to predict the
current-voltage characteristics of a photovoltaic
(PV) system. The proposed procedure is used the
Newton-Raphson method based on simplified
method to calculate  the parameters of a PV
system .The initial values of these parameters are
estimated by using the simplified method to prevent
a bad starting point which can compromise the
convergence of the Newton-Raphson’s method.
Also the proposed equations which are used to
calculate these parameters of a PV system, allow
one to calculate it's without relying on the
experimental |-V curve to determine the parameters
of a PV system as usually reported in literature.
The proposed procedure takes the temperature
dependence of the cell dark saturation current into
consideration. The proposed procedure is used to
calculate the parameter of different manufacturer
panel models, which is able to predict the panel
behaviour in different temperature and irradiance
conditions, is built and tested.

Nomenclature
STC- Standard Test Conditions (E =1000 W/mg2,
Tet=25 °C, spectrum AM1.5).
lo - Dark saturation current in STC.
Rsh- Panel parallel (shunt) resistance.
Isc - Short-circuit current in STC.
Vmpp - Voltage at the Maximum Power Point
(MPP) in STC.
Pmpp - Power at the MPP in STC.
Kv - Temperature coefficient of the open-circuit
voltage.
g- Electron charge.
ns - Number of cells in series.
Iph - the photo-generated current in STC.
Rs - Panel series resistance.
A - Diode quality (ideality) factor.
Voc -Open-circuit voltage in STC.
Impp - Current at the MPP in STC.
Ki- Temperature coefficient of the short-circuit current.
V1t - Junction thermal voltage.
T- Cell Temperature, in Kelvin.
V- The voltage appearing at the cell terminals.
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1. Introduction

Nowadays the worldwide installed Photovoltaic power
capacity shows a nearly exponential increase, despite
of their still relatively high cost[1] .This, along with
the research for lower cost and higher efficiency
devices, motivates the research also in the control of
photovoltaic inverters, to achieve higher efficiency
and reliability[2,3,4]. The possibility of predicting a
photovoltaic plant’s behavior in various irradiance,
temperature and load conditions is very important for
sizing the photovoltaic plant and converter, as well as
for the design of the Maximum Power Point Tracking
(MPPT) and control strategy. There are numerous
methods for extracting the panel parameters. The
majority of the methods are based on measurements of
the I-V curve or other characteristic of the panel [5-8].
Charles et al. [5] have suggested a method that
analyzes the practical I-V measurements. The different
mathematical methods have been presented in order to
estimate the parameters of the four parameters PV
model and to simulate its current-voltage and power-
voltage characteristics [6]. A new approach for
modeling the temperature dependence of the dark
saturation current and the equation parameters can be
evaluated by using five data points obtained from an
experimental 1-V curve is presented in paper [7]. El
Tayyan [8] has proposed the new equation is that one
doesn’t rely on the experimental I-V curve to
determine Rsh.

Many investigations were reported above, about
estimation for a model of photovoltaic panels using
the Newton-Raphson method but no attention was
paid to the initial estimation of PV system parameters.
The initial estimation of these parameters is critical
because a bad starting point can compromise the
convergence of the Newton-Raphson’s method. On
other hand, single exponential models that neglect the
shunt resistance is used in [6]. However, this
assumption is not generally valid for amorphous PV
systems. And also, the problems of relying on the
experimental 1-V curve to determine of PV system
parameters still unsolved. This motivates the authors
to investigate the new method in order to estimate the
Parameters of PV panels by using Newton-Raphson
based on simplified method.

In this paper the construction of a model for a PV
panel using the single-diode five-parameter model,
based exclusively on data-sheet parameters. The
parameters of a PV system are calculated by using the
Newton-Raphson method. The initial values of these
parameters are estimated by using the simplified
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method. Also the proposed method, allows one to
calculate the parameters PV system without relying on
the experimental 1-V curve to determine Rsh. In this
work the temperature dependence of the cell dark
saturation current is taken into consideration.

2. Equivalent circuit of the solar cell
Mathematical descriptions of the I-V characteristics of

without any measurement, using only the data from
the product data-sheet.

3.1. Starting equations
Equation (1) can be written for the three key-points of
the V-I characteristic: the short-circuit point, the

maximum power point and the open-circuit point.
ISL‘RS

IscRs
PV cells are available since many years and are Ise=lpn = Ioenste — === (3)
derived from the physics of the p-n semiconductor Tompp *ompp Bs o+ R
junction.A crystalline solar cell is, in principle, a Lnpp = Ton = Loe et - Rgp, (4)
large-area silicon diode. In the dark state, the 1-V _ V% Voe
characteristic curve of this diode corresponds to the loe = 0= L — I, ens’e — Ren (®)

one of a normal p-n junction diode and it produces
neither a voltage nor a current. lllumination of the PV
cell creates free charge carriers, which allow current to
flow through a connected load. The so called
photocurrent I, is proportional to irradiance [9]. If the
circuit is open the photocurrent is shunted internally
by the p-n junction diode. The simplest equivalent
circuit of a PV cell (Fig. 1) is a current source whose
intensity is proportional to the incident radiation, in
parallel with a diode D and a shunt resistance Rsh.
This resistance represents the leakage current to the
ground. The internal losses due to current flow and the
connection between cells are modeled as a small series
resistance Rs [9].
Rg i

l\N\v —

:

I ph D RSH V

)] LRsh

The above parameters are normally provided by the
data-sheet of the panel. An additional equation can be
derived using the fact that is on the P-V characteristic
of the panel, at the MPP, the derivative of power with
voltage is zero.

dP| V=V,
W I=1mr:: =0 (6)
So far there are four equations available, but there are
five parameters to find, therefore a fifth equation can
be derived using the fact that is on the  P-I
characteristics of a PV system at the maximum
power point, the derivative of power with respect to
current is zero [8].

dP| V=V,
E I=1mr:: =0 (7)
3.2. Parameter extraction

From the expression of the current at short-circuit and
open-circuit conditions, the photo-generated current
Iph and the dark saturation current lo can be
expressed:

VOE
= nsV VU_C
Figure.1. Equivalent circuit of a photovoltaic cell using the Iph_ 1”_ entt + Rsh . ®
single exponential module By inserting Eq. (8) into Eq. (3), it takes the form:
Voc IscRs
— ngV _ ngV Voc —IscRs
The general current-voltage characteristic of a PV Ise = 1 (e booent ) T ©)

panel based on the single exponential model is:

V+IR
V+IR
I=1,—1, (e"th - 1) ALY

)

Rsh
In the above equation, V, is the junction thermal

The second term in the parenthesis from the above
equation can be omitted, as it has insignificant size
compared to the first term. Than Eqg. (9) becomes:

14
o Voc —IscRs

= ngV
voltage:- Ise = o ems’e + == (10)
v, = AKT @) Solving the above equation for lo, results in:
. a . . Voc —IscRs _M
It is a common practice to neglect the term “—1’in (1), I, = (ISC - R—) e sVt (1)

as in silicon devices, the dark saturation current is very
small compared to the exponential term.

h
Egs. (8) And (11) can be inserted into Eq. (4), which
will take the form

) _ I 4 Vimpp +lmpp Rs—IscRs N

3. Single diode model of PV sell mpp. e Ron

In order to construct a model of the PV panel, which (1 _ Voc_lscRs) eW = f, (12)
exhibits the specifications described in the datasheet, ¢ Rsh !

using the above-mentioned single-diode model, there
are five parameters to be determined: Iph, lo, A, Rs,
and Rsh. The goal is to find all these parameters

The above expression still contains three unknown
parameters: Rs, Rsh, and A. The derivative of the
power with voltage at MPP can be written as:
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dP | V=Vp, d(v) di

wl izt =@ Y (13)
Thereby, to obtain the derivative of the power at MPP,
the derivative of Eqg. (12) with voltage should be
found. However, Eq. (12) is a transcendent equation,
and it needs numerical methods to express Impp. Eqg.
(12) can be written in the following form:

I'=f(LV) (14)
Where f(1I,V)is the right side of Eq. (12) .By
differentiating Eq. (14):

dl =diL ;'V) +av L ;‘I/‘V) (15)
The derivative of the current with voltage results in:
A fAV)
— = 16
w12 Fy) (16)
From Egs. (16) And (13) results:

a
dpP Vmpp Wf(I.V)
v~ fmwp 3 (17)
av 1= fUV)
From the above:
dP | V=V
av | 1=l = Lnpp —

Vmpp +lmpp Rs —Voc
(Isc Rs+Voc —IscRgp)e nsVe L1
Vo =, (18)
1 (IscRs 4V oc —IscRgp )Rse nsV¢ Rs

nsViRgsp ‘Rsh
here are two equations now, Eqgs .(12) and (18), with
three unknowns. Eq. (7) can be the used as the third

equation.
dP | V=Vipp
A1 | 1=l MPP T
Vmpp +lmpp Rs —Voc
1 (IscRs +Voc —IscRgp )Rse nsVie [ Rs
nsVeR R
Impp > tV,,Slsp FTmpp Rs Ve = f3 (19)

(Isc Rs+Voc—IscRgp)e nsVie 1
nsVeRsh "Rsh
It is possible now to determine all the three unknown
parameters, the Rs, A, and Rsh using Egs. (12), (18)
and (19). As these equations do not allow separating
the unknowns and solving them analytically, they are
solved using Newton Raphson iterative method is
exploited because it converges remarkably quickly,
especially if the iteration begin sufficiently near the
desired root.

3.3. Expression of photo current Iph and dark
saturation current lo

The first equations when constructing the model are
the expressions of I, from Eq. (3) and I, from Eq. (5),
in STC.

VOC
I,=(Ie — 2= eRey sy (20)
Rsh
VOC
VUC
Iph =[,ensVe + E (21)

4. Initial estimation of PV parameters by
using simplified explicit method

The initial estimation of PV parameters is critical
because a bad starting point can compromise the
convergence of the Newton-Raphson’s method. The
initial values of these parameters are estimated by
using the simplified method. In this method some of
approximations are applied as (l=l;, and
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Rsh=c0),after simplification of equations (3), (4) and
(5) we obtain [6].

VDC
I, =l (e ™7t) (22)
The equation at the point of maximum power at is
turned becomes:

(23)

Vmpp —Voc +Impp Rs ))

Ly = Ige < 1- e< sV

From this equation, we can deduce the initial value of
series resistance:
I
nsVe ln(l—%)+Voc ~Vipp

Ryo = (24)

mpp
By exploiting the fact that the derivative of the
maximum power is zero:

Poo=1+ZLy (25)
av . 6V_ !

And using equation (20) one can find:

AD — q(zvmpp —Voc) (26)

nSKT( Lse
I'sc=Impp

The last parameter to be determined is the shunt
resistance Rsho, from equation 5:

VOE
Coc) 27)

(Iph_<loe(nsvt)>)

5. Parameters estimation procedure of PV

panel model

This section describes the Newton-Raphson based on
simplified in order to calculate the three unknown
parameters (Rs, A, and Rsh) of PV panel model. Then,
the other parameters (I,,and Iph) are calculated
directly from Egs. (21, 22) respectively. The
determination of all unknown parameters (A, Rs, Rqh,
lon, and 1,) at various temperature and irradiance
conditions, are described in the following steps:-
Stepl:-The parameters (A, Rs, and Rsh) are
determined by using Newton-Raphson method. To
apply the Newton-Raphson method for obtaining these
parameters, the values of (Isc, Voc, Impp, and Vmpp)
are obtained from the datasheet for different
manufacturers modules (SP75 solar [10] module sand
KC200GT solar module [11]) at 25 °C, AM1.5, and
1000 W/m2 as shown in the tablel.

1
Hin (11w ))
ISC

Rsho =

Tablel.Shows the data obtained from the datasheet for
KC200GT solar module sand SP75 solar module at 25 °C,
AML.5, and 1000 W/m?.

Parameter KC200GT solar| SP75 solar
module module

Maximum Power (Pmpp) | 200 W BSW

Maximum Power Voltage | 26.3V 17V

(Vmpp)

Maximum Power Current | 7.61 A 44 A

(Impp)

Open Circuit Voltage (Voc)| 32.9 V 21.7V

Short Circuit Current (Isc) | 8.21 A 4.8 A

Temperature Coefficient | - 0.123V/°C -76 mV/°C

of Voc(Kv)

Temperature Coefficient | +3.18 mA/°C | + 2 mA/°C

of Isc (Ki)

number of cells (ns) 54 36
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Step2:- The elements of the resulting Jacobian matrix
(J) are obtained by differentiating equations (12), (18)
and (19) with respect to the diode quality (ideality)
factor (A), panel series resistance (Rs) and panel
parallel (shunt) resistance (Rsh), and are collected into
portioned vector matrix forms, as:

ofl oft  ofl | -

gé %fZRS 88Rf%h AA Af1

OA ORs orsh| ARs |7 |Ah

ofd of3 of3 | ARsh Af3

(0A ORs  ORsh [“grrection oo
Jacobian

Step 3:- The initial mismatch vector and the inverse of
Jacobian matrix are calculated corresponding to the
initial values of A, Rs, and Rsh which are calculated
in Egs. (24, 26, 27) and are used for obtaining initial
correction vector as follows:

- —1
O 0 5 (0
_ _ S S r ]
0)
Ol PO VR R TS
RO 220 220 2] | |40
5 o A R R 2(0)
ARsh
0 . O . 0 A
' ' 8'Ee, aLS ﬂ N>
Al Ry  CRsh

Step 4:- The initial corrections (A A, , A Rs and A
Rsh) are added to initial estimated values of A, , Rs
and Rsh to obtain their new values first iteration, the
general form can be written as:

AKD — ACO L AN
Rs “PY=Rs W4+ ARs ®

Rsh "™ = Rsh ™ + ARsh

Step 5: The process of iteration is repeated until the
values of these correction are minimized.

Step 6: the last two parameters (I,, and Iph) of five
PV parameters model are calculated directly from Egs.
(21, 22) respectively.

Step 7:-The above steps are considered in STC. To
include the effects of the environment, e.g.
temperature and irradiance, these equations has to be
completed with the corresponding terms.

For the short circuit current and open circuit voltage:

G
Isc = Isc,ref E + Ki (T - Tref) (28)
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Voc = Voc,ref + Vt ln(%) + Kv (T - Tref) (29)

At the last the variations of the current and voltage at
the maximum power point are described by:

G
Lopp = Tpp ref m + K; (T — Ter ) (30)

G
Vmpp = Vmpp sref + Vt ln(m) + Kv (T - Tref) (31)

Step 8:- The above steps are repeated at different
manufacturer data sheets in tablel.

6. Results and discussion

The previous section describes the construction of a
PV panel model. This model has been implemented
in Matlab, in order to verify it in different
temperature and irradiance conditions. The
proposed model was tested using different
manufacturer data sheets in table.

The results have been compared to the
characteristics and values provided by the product
data-sheet. The temperature dependencies of the
model’s V-l curve have been verified by plotting
the characteristics for three different temperatures.

— Calculated data
A Experimental data

current(A)

L L
o 5 20 25

1‘0 1‘5
voltage(V)
Figure.2. Voltage-Current characteristics of the

shell SP75 model (mono-crystalline silicon)at three
different temperatures and standard irradiation.

Calculated data
. A Experimental data

ak T=25°C

) ’ vléltage(V) ) )
Figure.3. Voltage-Current characteristics of the
KC200GT model (multicrystal) at three different

temperatures and standard irradiation.
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It can be seen on the above figures (2, 3) that the To show the effect of irradiance on the
short-circuit current, and the open-circuit voltage are performance of a module the temperature is kept
in very good agreement with the data-sheet values for fixed at25 °C and the values of irradiance are
SP75 (mono-crystalline silicon) solar module and changed to different values. The variation of the
KC200GT (multicrystal) solar module. The change in current-voltage characteristics with irradiance are
the open-circuit voltage and short-circuit current are in shown in Figure (6, 7).
accordance with the temperature coefficients given in
the data-sheet. e 1000 Wi
The calculated and experimental variations of power y SN 1
with voltage for the shell SP75 model and the S ]
KC200GT model, at three different temperatures and % . 1
standard irradiation are illustrated in figures (4, 5). = 1
< B G= 600 W/m? ]
) z i aaa
Calculated data § G= 400 Wim?

o A Experimental data ) ek Attt

eor ) ‘1 : Calculated data
—~ 501 T=60°C b 05
=
o 4of T=40°C 1 % s 0 IS 7 25
§_ voltage(V)

= e | Figure. 6.Voltage-Current characteristics of the shell

20 i SP75 model (mono-crystalline silicon) at different

irradiation and standard temperature.
nl ] ° ‘ ' 6=1000 Wim? ‘ ‘ ‘
5 1:/0 Itage(v)15 20 25 e 800 Wim?

Figure. 4.Voltage Power characteristics of the shell
SP75 model (mono-crystalline silicon) at three different

2 G= 600 W/m?
temperatures and standard irradiation. = P S S S S iy S
. . . . . . S
“ N Calculated data | % Bl N N N N AG:iOO\ﬁ”mZA N N
weor ) m— Calculated dat:
g 120 T=75°C B i
B 100 T=50°C 4 DO 5 10 1‘5 20 25 3‘0 35
§_ voltage(V)
I Tezsc 1 Figure. 7.Voltage-Current characteristics of the
or ] KC200GT model (multicrystal) at different irradiation
aof 1 and standard temperature.
20 N
‘ ‘ ‘ ‘ A W W From the figures (6, 7) it can be noted that,
voltage(V) according to the theory, the short circuit current
Figure.5.Voltage-Power characteristics of the KC200GT ShO_WS a linear de_pen_dence with th? |rr_ad|at|0n,
model (multicrystal) at three different temperatures and Un“k? th‘_? Open'(}”CU't Y0|ta_ge_, Wh"_?h Increases
standard irradiation. logarithmically with the irradiation. Figures (6, 7)
show that, the calculated (I-V) curves at different
Figures (4, 5) provide a clear view on how the 'rrad'f_itlon are In 90_0d agreement with the
curves vary with temperature. There is significant experimental data for different models (SP75 and
KC200GT).

reduction in the power output of the photovoltaic
system as cell temperature increases. And also,
the calculated (P-V) curves at different
temperatures are in good agreement with the
experimental data for different models (SP75 and
KC200GT).
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- 2
Calculated data G= 1000 W/m

A Experimental data

G=800 W/m?

50 G=600 W/m?

G=400 W/m?

10 s
voltage(V)
Figure. 8.Voltage Power characteristics of the shell

SP75 model (mono-crystalline silicon) at different
irradiation and standard temperature.

220

T
G= 1000 W/m?
200-

e Calculated data
A Experimental data

1801

160

140+

power(W)

15 20
voltage(V)

Figure. 9.Voltage-Power characteristics of the
KC200GT model (multicrystal) at different irradiation
and standard temperature.

In the same way, Figs.( 8,9) shows the comparison
between the calculated P-V characteristic, and the
experimental characteristic . Also, it can be seen that
the calculated (P-V) curves at different irradiation are in
good agreement with the experimental data for different
models (SP75 and KC200GT).

8. Conclusion

A model for photovoltaic panels, based exclusively on
datasheet parameters has been developed and
implemented. The method for extracting the panel
parameters from datasheet values has been presented,
and the obtained values have been used in the
implemented model. The parameters of a PV system are
calculated by using the Newton-Raphson method. The
initial values of these parameters are estimated by using
the simplified method, Also A new equation dP/dI=0 at
the maximum power point is introduced. This new
equation replaces the equation, wusually used in
literature, determined from the slope of the I-V curve at
the short circuit current, namely, dl/dV=-1/Rsh. In this
work the temperature dependence of the cell dark
saturation current is taken into consideration. From the
present analysis, one can draw the following main
conclusions:-

1< By using the simplified method to estimate the
parameters of a PV system the iteration begins
sufficiently near the desired and the Newton-Raphson
iterative method converges remarkably quickly.

2- The proposed equations which are expressed in a PV
system, allow one to calculate the parameters PV system
without relying on the experimental 1-V curve to
determine Rsh.

3- The temperature dependence of the cell dark
saturation current is expressed with an alternative
formula, which gives better correlation with the
datasheet values of the power temperature dependence.
4- The calculated (I-V, P-V) curves based on proposed
model are in good agreement with the experimental data
at different manufacturer models shell SP75 model
(mono-crystalline silicon and shell KC200GT model
multicrystal).

5- The calculated (I-V, P-V) curves based on proposed
model are in good agreement with the experimental data
for different effects of the environment (temperature and
irradiance).
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