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ABSTRACT

This article presents a novel model for the equiv-
alent circuit of a photovoltaic module. This circuit
consists of the following important parameters: a
single diode, series resistance (Rs) and parallel resis-
tance (Rp) that can be directly adjusted according to
ambient temperature and the irradiance. The single
diode in the circuit is directly related to the ideality
factor (m), which represents the relationship between
the materials and signi�cant structures of PV module
such as mono-crystalline, multi-crystalline and thin-
�lm technology. Speci�cally, the proposed model in
this article is to present the simpli�ed model that can
calculate the results of I-V curves faster and more ac-
curate than other methods of the previous models.
This can show that the proposed models are more
suitable for the practical application.In addition, the
results of the proposed model are validated by the
datasheet, the practical data in the laboratory (in-
door test) and the onsite data (outdoor test). This
ensures that the less than 0.1% absolute errors of the
model can be accepted.

Keywords: Dynamic programming Photovoltaic
cells, Silicon, Thin-�lm.

1. INTRODUCTION

Nowadays, the demand for energy continually in-
creases, while the energy resources, such as conven-
tional fuel dramatically decreases. Therefore, the al-
ternative energy resources are needed during high en-
ergy demand for su�cient amounts of energy. Direct
Current (D.C.) which is supplied from Photovoltaic
(PV) modules is considered, as one of the clean al-
ternative energies, which does not pollute the envi-
ronment. It is well known that the performance of
PV modules generally depend on irradiance (Ga) in
W/m2 and ambient temperature (Ta) in

oC, which
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Fig.1: I-V Curve of PV module.

can change the generated power over time. In general,
the PV manufacturer usually provides the character-
istic current-voltage curve (I-V curve) of PV module
in non-linear relationship [1].As presented in the stan-
dard test condition (STC) in Fig. 1, one can observe
that there are 4 important parameters, which are :
the open-circuit voltage under standard test condi-
tion in voltages (Voc,stc), the short-circuit current un-
der standard test condition in amperes (Isc,stc), the
maximum power point voltage under standard test
condition (Vmpp,stc) and the maximum power point
current under standard test condition (Impp,stc) re-
spectively. In general, the PV manufacturer usually
provides a few technical parameters, such as the co-
e�cient values of the open-circuit voltage (kv) and
the coe�cient values of the short-circuit current (ki)
under standard test conditions, respectively.

Thus, an equivalent circuit model that precisely
predicts the behavior of generated power for every
condition of irradiance and ambient temperature is
required in order to model PV cells. Hence, the 4
typical general mathematical models of PV modules
are shown in Fig. 2. Where, Il means the generated
current in photovoltaic module due to solar irradi-
ance (A), Rs equals to the series resistance (Ω), Rp

describes the parallel resistance (Ω) and d means the
diode, respectively.

Recently, the several mathematical models of PV
are illustrated to the equivalent circuits as shown in
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Fig.2: Equivalent circuit of (a) SDM-1, (b) SDM-2,
(c) DDM-1 and (d) DDM-2.

Fig. 2, for instance, single-diode (SDM) and double-
diode models (DDM) [1]. However, the precision of
the I-V curve through PV modules depends on the
types of the equivalent circuits [2]-[15].

Nevertheless, the SDM-1 in Fig. 2(a), has 4 un-
known parameters [2]-[4] such as, the ideality factor
of diode (m), saturation current (Io), Il and Rs. Also,
this model [2] is composed ofm and Rs which are var-
ied due to Ta. While, the ideality factor of diode of
this model is constant between (0 ≤ m ≤ 2) for the
crystalline PV module only, which SDM-1 has been
delivered the high relative error from the analytical
output power of PV module. Therefore, the SDM-1
is not appropriately utilized for practice.

Furthermore, all the weakness of SDM-1, can
be improved through the simulation of single diode
model type 2 (SDM-2) as shown in Fig. 2(b), which
it is provided with a parallel resistance [5]-[7]. Essen-
tially, the I-V curve of SDM-2, is high precision and
more reliable than SDM-1.

Moreover, the SDM-1 was updated to the double
diode model type 1 (DDM-1) with a series resistance
as shown in Fig. 2(c) [8], [9]. Hence, this model de-
livers high precision result of the I-V curve. However,
it had a complicated problem for analysis of the I-V

Fig.3: The proposed model for pv module.

curve, because both diode current is nonlinear rela-
tionship.

The equivalent circuit in Fig. 2(d), is the double
diode model type 2 (DDM-2) with additional parallel
resistance. Also, it can be generated the high accu-
rate result more than DDM-1. However, the calcu-
lated process of DDM-2 was extremely complicated
[10-12], also the equivalent circuits have more un-
known parameters than other models [4].

Nevertheless, all the models were illustrated in Fig.
2, haven't been analyzed to consider through exten-
sive variations of the unknown parameters in real time
[2] - [12]. Although, many researchers [7], [13]-[15]
have applied extraction methods to design the simu-
late PV models to get more accurate on the I-V curve.

As mentioned above, the SDM-1 has a low accu-
racy result. While, the SDM-2, DDM-1, DDM-2 have
been complicated and various limitations for estimat-
ing result. Therefore, these models are not appropri-
ate for implementation. Nowadays, the many con-
straints of the existing equivalent circuit are not im-
proved. Hence, the modern mathematical model is
proposed for the PV module as shown in Fig.3.

According to Fig.3, the proposed model is demon-
strated in a single diode equivalent circuit with the
adjustable series and parallel resistance. Hence, the
Rs and Rp can be varied under environment condi-
tion (e.g. irradiance (Ga), ambient temperature (Ta)
and operating temperature of the PV). Also, the ide-
ality factor (m) in the proposed model, has been cal-
culated through the physical substance, such as the
periodic table and the operating temperature of PV,
respectively [16] - [18]. Therefore, the signi�cant pa-
rameters of the proposed model as m, Rs and Rp, are
de�ned at the real time condition.

Essentially, the prominent point of the proposed
model is more bene�cial and realistic than the exist-
ing PV models (SDM-1, SDM-2, DDM-1 and DDM-
2). These existing models are almost utilized on
the commercial programs, such as, Matlab-Simulink.
Also, the many parameters of the existing PV mod-
els as Rs, Rp and m, are not proportional to Ta and
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Ga [6]-[12], that are not realistic for implementation.
Therefore, the analytical result of the proposed model
can be delivered higher precision than the general
model of commercial programs.

Besides, the proposed model accuracy is con�rmed
the accuracy through comparison with the manufac-
tured technical data sheet, namely, Bosch, Photowatt
and Sharp. As a result, the solution of the pro-
posed model extremely corresponds with the tech-
nical data sheet. Furthermore, the proposed model
can demonstrate the high accurate maximum power
point (MPP), as well as, it can be analyzed to de-
termine the fast convergent solution, due to having
lower constraints than the existing equivalent circuit.

Finally, this proposed model can be demonstrated
to apply to the indoor test of Crystalline and Thin
Film technology of PV modules, respectively.

The remainder of this paper is organized as follows.
The mathematical concept of the proposed model is
presented in Section 2 of this paper, the results of the
proposed models are compared with the experimental
results and PV manufacturer datasheet in Section 3,
the conclusion and suggestions are then presented in
Section 4, respectively.

2. CHARACTERISTIC OF THE PV CELL

Generally, the PV cell can absorb the photons from
the solar irradiation. Also, these photons provide
their energy, which is an excited and separated pro-
cess within the bond. Which is composed of the gen-
erating electrons and holes at the surrounding atom
and ions in the P and N regions (consider as conduc-
tive regions) [19].

Essentially, require the concept of PV cell. "under
the illumination", the main current occurs through
the photocurrent. Also, this result is directly con-
cerned with the minority carriers. Therefore, the col-
lected electrons in N region can move to the front
metal contact, whereas, the existing collected holes
in the P region, must be moved to the back metal
contact of PV cell, respectively. Besides, the pho-
tocurrent can be deduced by diode current, which is
generates current to the electrical load.

Although, at the boundary between the P and N
regions, the electric �eld occurs. Also, the di�use-
ness of the free electrons and holes can move into the
opposite region. Therefore, the hole with negative
acceptor ions in the P region and the free electron
with positive donor ions in the N-region occur [19],
[20]. Also, this process occurs during the equilibrium
condition or illumination, where the built-in electric
�eld or built-in electric voltage drops across the P-N
junction as shown in Fig.4.

According to the Fig. 4, the P-N junction (or space
charge region or depletion region) can be described,
as follows: the non-conductive region, has the signif-
icant contribution area and the recti�cation process,
which it can move the electrons and holes to the op-

Fig.4: Typical PV cell structure.

Fig.5: Current �ow in PV cell.

posite side. Due to the losses in N and P regions, their
charges become neutral [21], [22]. Hence, the electric-
ity can be produced by the external load connected
across the P and N regions of a solar cell, respectively.
Moreover, the P-N region behaves as an ideal diode,
this allows the free electrons to �ow through this con-
nection to the positive holes and lights up the lamp,
which is similar to the battery as shown Fig.5.

As mentioned above, this paper proposes the dy-
namic generic PV model for the crystalline and thin-
�lm technologies, which allows for real-time input
data of solar irradiation (W/m2) and ambient tem-
perature (oC), respectively. Moreover, the model of
this paper is considered the impacts of the electron
potential energy between junctions, Rs and Rp.

2.1 Energy tunneling and ideality factor

It is well known that the electrostatic potential
in the wafer of PV cell (ψ), it produces the total
charge density due to the impurities varies with po-
sition. That means the electrons and holes, should
be able to distribute themselves so that equilibrium
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Fig.6: PV cell structure for the crystalline and thin-
�lm technologies.

is produced, and hence there will be an unbalanced
charge throughout the junction. The concentrations
of density between ionized donors (Nd) and ionized
acceptors (Na) can be speci�ed by trivalent impurities
region (called P-region) and pentavalent impurities
layer (called N-region). Thus, the �ow of electrons
and holes must be considered in both regions. Fig. 6.
shows the comparison between the PV cell structure
for crystalline and thin-�lm technologies.

In order to support the dynamic generic PV model
for the crystalline and thin-�lm technologies that
have either single or multi-junctions, Thermionic
Field Emission [23] the Thermionic Field Emission
(TFE) technique is chosen, because it can analyze
the performance of the Schottky Barrier (SB) and
the conduction phenomena across a SB as well as it
can also extract the parameters from the conduction
band of the SB [24]. Thus, the ideality factor of the
PV cell of each P-N region as (mn), which this factor
occurs due to the impact of the N type semiconductor
material. Also, it relates to the tunneling energy [24]
on each junction (Eoon) can be determined by (1)

mn =

[
(q) (Eoon)

(k) (Tc)

]
coth

[
(q) (Eoon)

(k) (Tc)

]
(1)

Where, the electrical charge on the electron (q)
is 1.602 × 10−19 C, the Boltzmann's constant (k) is
1.381 × 10−23J/K and the operating temperature of

Table 1: Typical INOCT for PV Module.

PV module mount type INOCT(◦C)
Rack mount -3
Direct mount 18
Typical stando�/integral 4
Stando�/integral, entrance or
exit height/width, Whichever is
minimum 2.5 cm

11

Stando�/integral, entrance or
exit height/width, Whichever is
minimum 7.5 cm

2

Stando�/integral, entrance or
exit height/width, Whichever is
minimum 15 cm

-1

the PV cell (Tc) in Kelvin (K). Hence, the thermal
and physical properties of the cell or module, solar
irradiation and weather, heat transfer coe�cient are
also considered.

Consequently, the overall of the heat losses coef-
�cient from the module and mounting con�guration,
directly a�ects the performance of the PV cell, es-
pecially the Tc. It is known that the operating tem-
perature inside the PV cell is normally a little higher
than the rear of the PV module. This is due to the
substrate and doping material, construction of the
module, mounting installation and ambient tempera-
ture.

Hence, the combination of the ambient temper-
ature Ta in Celsius (◦C), the Nominal Operating
Cell Temperature (NOCT) under solar irradiation
800 W/m2 at 20◦C, Installed Nominal Operating Cell
temperature (INOCT), the actual solar irradiation
(Ga) in W/m2 and the solar irradiation under stan-
dard test condition (Gstc) is 1000 W/m2 at 25◦C are
chosen in order to determine the Tc ,which response
to the overall heat losses as described in (2) [17], [18].

Tc =273.15 + Ta

+

[(
NOCT + INOCT

0.8

)(
Ga

Gstc

)]
(2)

The NOCT of the PV module can be found in the
manu- facture datasheet and the typical value of the
NOCT is 44◦C [18], [25] where the INOCT are shown
in Table 1.

In addition, the electron normally behaves as a
particle with mass, and therefore Eoon the can be
described by:

Eoon =

(
h̄

2

)√{
Nd,norm

[(mo) (mr)] [(εo) (εr)]

}
(3)

When, the Planck's constant with angular fre-
quency (or the reduced Planck's constant or Dirac's
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Fig.7: Characteristic Rs and Rp of PV cell.

constant; h̄) is 1.0544 ×10−34J.s, the density concen-
tration of the ionized donor (Nd,norm), the free elec-
tron rest mass (mo) is 9.109×10−31kg, the e�ective
mass of the donor electron (mr), the permittivity of
free space (absolute permittivity; εo ) is 8.854×10−14

F/cm and the relative permittivity or dielectric con-
stant of the donor material (εr) .

To support the PV cell with multi-junction, the
normalization technique is chosen as this technique
supports more sophisticated adjustment of the di�er-
ent scales into the notionally common scale by allow-
ing the entire probability distributions of the di�erent
scales into the same alignment [26]. Therefore, the
concentration density of ionized donors (Nd,norm) for
multi-junction can be normalized as follows:

Nd,norm =
Nd1

+ ...+Ndn

n
(4)

Besides, it can be investigated that the typical val-
ues of the Ndn for the PV cell on each P-N region and
n equals the total number of concentrations density
of ionized donors types [27]-[30]. Consequently, the
simplify ideality factor (mTot) for the PV cell with
multi-junction can be evaluated by:

mTot =
mn,max + ...+mn,min

2
(5)

Where, the mn,max and mn,min are de�ned by the
maximum and minimum values of the ideality factor
that relates to the tunneling energy from the overall
junction. It should be noted that the mTot must be
varied within 1 < mTot < 5 [25], [31-33].

As can be seen in equations (1) to (5), the ideality
factor is inversely proportional to the temperature,
where it is proportional to the carrier concentration.
That means the ideality factor is found to increase
when the decreasing of temperature. While, the ide-
ality factor is increased, when the increasing of carrier
concentration [25], [32] and [18], respectively. This is
due to the force (force here refers to the occurrence
of charge carriers that crosses the junction.) between
the upper and lower barrier heights.

2.2 The e�ects of Rs and Rp

The resistance of the PV cell due to the substrate
and doping material, the contact resistance between
contacts and materials, the resistance between con-
tact and interconnections (or junction) are normally
considered as Rs parameter [1], [34], and [35] where
the leakage current that �ows as the proportional
function of the voltage is usually presented as Rp pa-
rameter [6], [36]. Practically, the Rs of the PV must
be varied within 1mΩ to 1Ω, where the Rp is de�ned
within 10Ω to 10kΩ [35]. This means that the smaller
size of Rs and the larger size of Rp gain better quality
of PV performance, which is shown in Fig. 7.

Therefore, the simpli�ed and yet accurate analyt-
ical equation for Rs is determined as follows [1]:

Rs =Rs,ini

−
{[

(mTot) (Vt,rtc)

Io

]
exp

[
−Voc,stc

(mTot) (Vt,rtc)

]}
(6)

In equation (6), the Rs is a function of the ide-
ality factor (mTot), the thermal voltage of the PV
cell under real-time condition (Vt,rtc) in voltages, the
reverse- saturation current of the diode (Io) in am-
peres and Open-circuit voltage of the PV cell un-
der standard test condition (Voc,stc) in voltages. The
Rs,ini can be determined by using the slope of the
I-V characteristic during IL equals to 0. Hence,

Rs,ini = −
(
dVL
dIL

)
VL=Voc

(7)

When, the Vt,rtc can be expressed by [25], [31] and
[37]:

Vt,rtc =
(mTot) (k) (Tc)

q
(8)

Consequently, the Io is de�ned by [4] and [6]:

Io =
Isc,stc + [(ki) (Ta − Tstc)]{

exp
[
Voc,stc+[(KV )(Ta−Tstc)]

(mTot)(Vt,rtc)

]}
− 1

(9)

Where, the Isc,stc is the short-circuit current un-
der standard test condition in amperes, Voc,stc is the
open-circuit voltage under standard test condition
in voltages, ki or dIsc,stc/dTc is the coe�cient of
the short-circuit current under standard test condi-
tion per ◦C in percentage and kv or dVoc,stc/dTc is
the coe�cient of the open-circuit voltage under stan-
dard test condition per ◦C in percentage are normally
found in the PV manufacture datasheet. The typical
values of the ki is 3.1×10−4 A/◦C/cell and the kv is
-2.3×10−3mV/ ◦C/cell [18], [25], [31], [38] and [39].

The approximation analytical equation of the Rp

can be calculated as follows [40] :



14 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.16, NO.1 February 2018

Rp =
Vmpp,stc + [(Impp,stc) (Rs)]

Il − Io

{
exp

{
q{Vmpp,stc+[(Impp,stc)(Rs)]}

[(mTot)(k)(Tc)]

}
− 1

}
− Impp,stc

(10)

As described in equation (10), the maximum power
point voltage under standard test condition (Vmpp,stc)
and the maximum power point current under stan-
dard test condition (Impp,stc) can be obtained from
the PV manufacture datasheet, and thus the photon
generated current of the PV cell (Il) depends on the
solar irradiation and ambient temperature is deter-
mined as the following equation [12], [41]:

Il = {Isc,stc + [(ki) (Ta − Tstc)]}
(
Ga

Gstc

)
(11)

2.3 Proposed a dynamic generic PV model for

crystalline and thin-�lm technologies

Essentially, this paper proposes the dynamic
generic PV model for the crystalline and thin-�lm
technologies by applying the TFE and normalization
techniques to determine the approximate ideality fac-
tor, the slope of the I-V characteristic and Kirchho�'s
Current Law (KCL) considers the summation of cur-
rent �ow-in and �ow-out of the node are chosen to
estimate the Rs and Rp. The equivalent circuit of
the proposed model includes a single diode, Rs and
Rp are shown in Fig. 3. As the current generated by
the PV (IL) can be determined by using KCL, and
hence IL is:

IL =Il − Io

{
exp

[
q (VL + ILRs)

(mTot) (k) (Tc)

]
− 1

}
−
(
VL + ILRs

RP

) (12)

Therefore, the schematic of the proposed model
for the computer modeling based on MATLAB/
Simulink is shown in Fig. 8.

The accurate parameters (here mTot, Rs and Rp)
of the proposed model that supports either single or
multi-junctions are de�ned by the following assump-
tions:
1. All the PV cells in the module have the same

structure and characteristic in all manners [18],
[25], [31], [38]

2. The PV module is fully illuminated [42].
3. The term of

exp

{
q [Vmpp,stc + [(Impp,stc) (Rs)]]

[(mTot) (k) (Tc)]

}
− 1

under all working conditions except low intensity
light condition [43], [44].

Fig.8: Schematic of the proposed dynamic generic
PV model

4. The impacts of the ambient temperature (Ta) and
solar irradiation (Ga) on the electron potential
energy between junctions, Rs and under Rp are
considered, and thus the coe�cient of the short-
circuit current (ki) and the coe�cient of the open-
circuit voltage (kv) are also taken into account.

5. In high intensity light, the Rs for the crystalline
must be less than 150 mΩ to ensure the absolute
error of the proposed model within 0.05%, where
the Rs can rise up to 1 Ω to support the crystalline
PV with low intensity light and thin-�lm PV [1],
[35]. Moreover, the results of signi�cant parame-
ters as mTol, Rs and Rp can be simulated through
the schematic diagram in Fig.8. These results are
shown in Table 2.

Moreover, this model supports the real-time input
data of solar irradiation and ambient temperature, it
can also vary the dynamic impacts of the electron po-
tential energy between junctions, Rs and Rp. Most
of the parameters are obtained from the PV manu-
facture datasheet. To ensure accurate simulation re-
sults of the mono-crystalline technology, the PV pa-
rameters from Bosch (model: M60EU30117 250W at
1000W/m2 and 25◦C) are chosen [45]. The simulation
results of the multi-crystalline technology are also val-
idated against the Photowatt (model: PWX100 11W
at 1000W/m2 and 25◦C) [46], where the parameters
of Sharp (model: NA-F121G5 142.4W at 1000W/m2

and 25◦C) is chosen to validate the simulation results
of the thin-�lm technology [47]. The parameters of
the mono-crystalline, multi-crystalline and thin-�lm
module are shown in Table 3.
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Table 2: Parameters derived from the calculation of the proposed model.

Mono Multi Thin-�lm
Parameter Crystalline Crystalline

M60EU30117 PWX100 NA-121G5
Voc,stc (V) 37.91 21.52 60.22
Isc,stc (A) 8.82 0.721 3.433
Impp,stc (A) 8.252 0.651 2.957
Vmpp,stc (V) 30.32 17.01 48.2
Io (nA) 0.183 0.057 42.4
Rs (Ω) 0.39 0.72 0.69
Rp (Ω) 632 575 236
mTot 1.05 1.1 1.96

Table 3: Parameters of the PV module.

Characteristic of the PV module
Brand Bosch Photowatt Sharp
Model M60EU3017 PWX100 NA-F121G5

Type
Mono-Crystalline Multi-Crystalline Thin-�lm
60×1 parallel 36×1 parallel 45×4 parallel

Pmpp,stc (W) 250 11.00 142.4
Vmpp,stc (V) 30.31 17.00 48.20
Impp,stc(A) 8.25 0.65 2.96
Voc,stc (V) 37.90 21.5 60.2
Isc,stc (A) 8.82 0.70 3.43
kp (%/

◦C) -0.46 N/A -0.24
kv (%/

◦C) -0.32 N/A -0.30
ki (%/

◦C) 0.032 N/A 0.07
NOCT (◦C) 48.4 45 44

3. RESULT AND DISCUSSION

In this section, are illustrated all the result of sim-
ulation through the proposed model, which must be
compared with the other simulating model and the
practical testing, are as follows:

• The other models, are composed of the existing
models, such as, SDM-1, SDM 2, DDM-1 and DDM-
2, respectively.

• The indoor test, which is investigated at the
Solar Cells Testing Centre (CSSC) at the King
Mongkut's University of Technology Thonburi in
Thailand.

• The outdoor test, which this experiment is tested
at the Newcastle Upon Tyne in the UK, the setting
for the outdoor experimenter for PV, essentially.

Particularly, the Solar Cells Testing Centre
(CSSC) at King Mongkut's University of Technol-
ogy Thonburi in Thailand, set according to ISO/IEC
17025:2005. Thus, the IEC 61215:2005 [48],[49] and
IEC 61646:2008 [50] was used to test the I-V char-
acteristic of the crystalline and thin-�lm PV, all the
materials and components of the cell was identical.
The module size and the generated power did not ex-
ceed 10%. The solar simulator is a Pulsed Simulator
(PS) type, and thus the �ash duration was set at 10

ms and class A+A+A+ (here the error of the insta-
bility and non-uniform of intensity of light beam is
less than 1.0%). This allows the accuracy measure-
ment of the I-V test within short duration and avoids
the increasing of the PV cell temperature [51]-[53].

Moreover, the proposed model was also validated
with the practical site results (outdoor test) in the
open area at Newcastle Upon Tyne in the United
Kingdom (UK), which investigated the dynamic im-
pacts of the surrounding environment, especially the
Ga and Ta of the model. Besides, the interval data of
the Ga and Ta was measured every 10 minutes via the
weather data logger, the generated power of the PV
was measured by multimeter. Also, Table 4 presents
the details of the equipment for the indoor and out-
door tests.

3.1 The Con�rmed accuracy with Indoor Test

and Manufacture datasheet

For this section, the con�rmation of the accu-
racy of the results from the proposed model will
be covered. It was compared with the manufac-
ture datasheets of PV and the indoor test data from
CSSC. In this research, the three types of PV modules
were studied, for instance, Mono crystalline, Multi
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Table 4: Details of the equipment for indoor and outdoor tests.

Equipment Model Units Remark
Indoor test

1

Pulse duration 10 ms
Pasan: Pluse solar Electronic up to 300V

Solar Simulator 3b and 30A, incidence angle
Simulator SunSim 3b software < 15 degree, 100 to

700 W/m2, illumined
area 3m×3m

Outdoor test
Weather logger Davis 1 Interval data every 2s

Irradiance meter
Solar light: PMA

1
Accuracy ±0.5% of

2200 Full scale reading

Thermometer
Testo: Pen style

1
Accuracy ±1◦C of

surface thermometer (−30◦C to 250◦C)
Multi-meter 1 Connect PC via USB

Power meter Voltech: PM 1000 1
Accuracy ±0.1% of

reading range
Electrical load

N/A N/A 300V30A
controller

Fig.9: I-V curve of mono-crystalline technologies at
various irradiation and ambient temperatures.

crystalline and Thin �lm, respectively.

As mentioned above, these are composed of the
three important conditions. e.g., The �rst is stan-
dard test condition. The second condition is Ga= 1
kW/m2, Ta= 55 ◦C and the last condition is Ga= 0.6
kW/m2, Ta= 25 ◦C.

Furthermore, the results of these conditions are
shown in Fig. 9 to Fig. 11, and they can be explained
as follows:

In the �rst condition, it was analyzed from stan-
dard test conditions asGa= 1 kW/m2, Ta= 25 ◦C [45-
47]. Essentially, the results of the proposed model are
obviously illustrated in the characteristics current-
voltage (I-V) curve as shown in Fig.9 -11, which these
results show that the curve of proposed model closely
matched the manufacture datasheet PV, and corre-
sponding with the information of the indoor test.

Fig.10: I-V curve of multi-crystalline technologies
at various irradiation and ambient temperatures.

While, the second condition is Ga = 1 kW / m2, Ta
= 55 ◦C. The ambient temperature in this condition is
higher than the �rst condition. Hence, the short cir-
cuit current (Isc) of the second condition is increases,
while, the open circuit voltage (Voc) decreases.

According to Fig. 9 to Fig. 11, the �rst and second
condition can be demonstrated the impact of ambient
temperature, which directly in�uence the short cir-
cuit current and the open circuit voltage, obviously.
However, the I-V curve of the second condition is
still extremely corresponding with the manufacture
datasheet and the indoor test of CSSC, respectively.

In addition, the last condition is Ga = 0.6 kW/m2,
Ta = 25 ◦C, which has lower solar irradiation than
other conditions. From the results, the short circuit
current (Isc) of this condition, decreases. Moreover,
the impact of changeable by the solar irradiation, is
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Fig.11: I-V curve of thin-�lm technologies at vari-
ous irradiation and ambient temperatures.

not in�uenced to correspond between the result of the
proposed model, the manufacture datasheet and the
indoor test.

From the results in Figs. 9 to 11 can be summa-
rized to describe as follows: All the results of the
I-V curves through the proposed model in the vari-
ous conditions, are closely matched to the manufac-
ture datasheet PV, because, they have the absolute
error less than 0.05%. Also, the I-V curves of the
proposed are greatly consistent with the CSSC s in-
door test, due to the absolute error between results
no more than 0.1%. Therefore, the proposed model
can deliver highly accurate result and reliable for im-
plementation.

3.2 Comparison of results with other models

In the past several decades, the researchers have
studied many models of PV modules as shown in
Fig.2, such as, SDM-1 [3], SDM-2 [6], DDM-1 [9]
and DDM-2 [12]. Nevertheless, all the results of the
proposed model, are extremely consistent to the ac-
tual results through CCSC. While, the result of other
models may only be approximate solution, as shown
in Fig. 12 to Fig.13.

As shown in Fig. 12 and Fig. 13, the I-V curves
of the proposed models are compared to the indoor
test data from CSSC. Moreover, it is found that the
results from the proposed models have less absolute
error than SDM-1, SDM-2, DDM-1 and DDM-2.

Also, the many important features of the I-V
curves of PV through the proposed models, is that
the mean absolute error value (MAE. of IL), is less
than 0.05% from the actual results of CSSC.

Additionally, the number of iteration (niter) is
lower than other models. As shown in Table 5.

Obviously, the results in Table 5 con�rms the ad-
vantages of the proposed models in this article. Es-
sentially, the I-V curve of the proposed model, is the
most accurate, and has the fastest number of itera-
tion when compared with other models. Therefore,

(a)

(b)

Fig.12: Comparison of (a) the I-V Curve and (b)
absolute error of PWX100 (multi-crystalline type).

the proposed model is more suitable for applications
to predict the maximum power point (mpp) of the PV
module. Moreover, they can also be used to simulate
the power values that vary according to the actual ir-
radiation and ambient temperature. The next section
discusses practical implementation for outdoor test.

3.3 The experimental on the outdoor test

According to Fig. 14 and 15, it shows the solar
irradiation and ambient temperature can a�ect the
output performance of PV.

Obviously, the higher ambient temperature, can
decrease the generated voltage. While, the lower in-
tensity of solar irradiation had less output of gener-
ated power. These e�ects are also covered to the PV
with crystalline and thin �lm technologies, respec-
tively.

Essentially, the thin �lm type NA-F121G5 of
Shape, was investigated the impacts of the solar irra-
diation and ambient temperature with the proposed
model and the outdoor test, which it can be also ex-
plained the signi�cant parameters through (1), (2),
(6) and (8) to (12).

Moreover, these relationships can be analyzed to
determine the simulation results of the proposed
model, which the results also agree with the man-
ufacture datasheet and indoor test.
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Table 5: Comparison the mean absolute error of the current and the number of iteration for the �ve
photovoltaic models at the standard test condition.

PV module
Model M60EU30117 PWX100 NA-121G5

niter MAE. of IL niter MAE. of IL niter MAE. of IL
SDM-1 5 0.18 4 0.21 3 0.14
SDM-2 960 0.05 585 0.07 450 0.08
DDM-1 30 0.16 20 0.19 25 0.12
DDM-2 1230 0.04 885 0.06 720 0.07

The proposed model 8 0.02 10 0.03 7 0.04

(a)

(b)

Fig.13: Comparison of (a) the I-V Curve and (b)
absolute error of NA-F121G5 (thin-�lm type).

As mentioned above, the simulation results of the
proposed model were also validated against the out-
door test. The average data of the Ga and Ta is
de�ned by the interval data of the Ga and Ta, were
measured every 10 minutes from Monday 11th May
2016 to Sunday 17th May 2016 (one week) at New-
castle Upon Tyne in the UK, the setting of outdoor
experimenter for PV is shown in Fig. 14.

As can be seen in Fig. 14, the weather and solar ir-
radiation data were directly transmitted to the local
computer either via Wireless Fidelity (Wi-Fi), Uni-
versal Serial Bus (USB) cable or Secure Digital (SD)

Fig.14: Average data of Ga and Ta for one week
in the UK and the setting of PV experimenter for
practice.

Fig.15: Average output power of proposed model.
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card. The generated power (which is the voltage, cur-
rent and power) of the PV module was measured and
recorded with a multi-meter. This meter allows the
data to be transferred via USB. It can be clearly seen
that the solar irradiation and ambient temperature
a�ected the performance of the PV, especially the in-
creasing of the PV cell temperature. Therefore, an
inverter that converts from Directing Current (DC)
to Alternating Current (AC) and maximize the out-
put power is needed.

According to the actual experiment results in Fig.
14, we found that a photovoltaic array type NA-
F121G5 of Shape, generates the electrical power cor-
responded to the output of the electrical power calcu-
lated from the mathematical method of the proposed
solar cell model.

As the results in Fig. 15, the comparison between
the experimental results and the values calculated
from the proposed model shows the maximum toler-
ance 15.73 watt at the following time 14.56 hours This
can show that the results from the proposed models
are reliable.

Furthermore, the proposed model is suitable for
practical engineering applications because it can
quickly calculate the results with high accuracy.

4. CONCLUSION

This paper proposed the dynamic generic model of
Photovoltaic (PV) module for crystalline and thin-
�lm technologies, which also supports the dynamic
real-time input data of solar irradiation and ambient
temperature using the MATLAB/Simulink program.
The input parameters of the model were mostly ob-
tained from the PV manufacture datasheet, where
the speci�c data such as the density concentration
of the ionized donor (Nd), the e�ective mass of the
donor electron (ms) and the relative permittivity or
dielectric constant of donor material (εr)were also de-
�ned from the composite material properties table.
The proposed model uses Thermionic Field Emission
(TFE) and normalization techniques to determine the
ideality factor, which is a function of the junction PV
cell temperature and the Nd.

The three typical PV modules used to vali-
date against the mono-crystalline, multi-crystalline
and thin-�lm technologies were Bosch (model:
M60EU30117 250W at 1000W/m2 and 25◦C), Pho-
towatt (model: PWX100 11W at 1000W/m2 and
25◦C) and Sharp (model: NA-F121G5 142.4W at
1000W/m2 and 25◦C), respectively. The results
showed that the I-V characteristic of the proposed
model was similar to the PV manufacture datasheet.

To implement the proposed model into practice,
the results were also validated against the labora-
tory and practical data, respectively. Therefore, the
laboratory data from the Solar Cells Testing Centre
(CSSC) at King Mongkut's University of Technology
Thonburi in Thailand was chosen. This is due to the

laboratory was set according to ISO/IEC 17025:2005,
the IEC 61215:2005 and IEC 61646:1996 standards
were selected as they allow the terrestrial test of crys-
talline silicon and thin-�lm PV modules. However,
the practical site data from Power and Wind En-
ergy Research (PaWER) at Northumbria University
in the UK was used to achieve the accuracy of the
proposed model. The results of the proposed model
also matched the laboratory and practical data, when
the percentage of absolute error between the proposed
PV model, the laboratory data and the practical site
data were less than 0.1%.
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