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ABSTRACT
Achieving the maximum power output from photovoltaic (PV) modules is indispensable for the operation of grid-connected PV
power systems under varied atmospheric conditions. In recent years, the study of PV energy for different applications has
attracted more and more attention because solar energy is clean and renewable. We propose an efﬁcient direct-prediction
method to enhance the utilization efﬁciency of thin ﬁlm PV modules by tackling the problem of tracking time and overcoming
the difﬁculty of calculation. The proposed method is based on the p–n junction recombination mechanism and can be applied to
all kinds of PV modules. Its performance is not inﬂuenced by weather conditions such as illumination or temperature. The
experimental results show that the proposed method provides high-accuracy estimation of the maximum power point (MPP)
for thin ﬁlm PV modules with an average error of 1.68% and 1.65% under various irradiation intensities and temperatures,
respectively. The experimental results conﬁrm that the proposed method can simply and accurately estimate the MPP for thin
ﬁlm PV modules under various irradiation intensities and temperatures. In future, the proposed method will be used to shed light
on the optimization of the MPP tracking control model in PV systems. Copyright © 2012 John Wiley & Sons, Ltd.
KEYWORDS
direct-prediction method; maximum power point (MPP); photovoltaic (PV) modules; thin film
*Correspondence
Joe-Air Jiang, Department of Bio-Industrial Mechatronics Engineering, National Taiwan University, No. 1, Sec. 4, Roosevelt Road,
Taipei 10617, Taiwan.
E-mail: jajiang@ntu.edu.tw
Received 18 January 2012; Revised 23 April 2012; Accepted 28 May 2012

1. INTRODUCTION
Nowadays, the study of photovoltaic (PV) energy for various
applications has entered the spotlight because of the shortage
of nonrenewable energy resources such as coal, petroleum,
and natural gas [1]. Not only are these resources limited but
their use has already led to serious problems with environmental pollution [1]. People are looking for new sources
of energy to add to or replace traditional ones. For these
reasons, many nations are already seeking new alternative
sources of energy and have invested much money in related
research and development [2]. The need for energy-efﬁcient
electrical power sources in remote locations has been another
driving force behind research endeavors to develop integrated energy systems. In particular, advancements in wind
and PV generation technologies have been applied to
develop wind-alone [3], PV-alone [4–6], grid-connected
PV [7–9], and hybrid wind/PV conﬁgurations [10–12]. The
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use of PV modules has already allowed solar energy to
become a clean reliable source of renewable energy [13] that
many feel can efﬁciently mitigate the worst effects of global
warming [14–16].
There are many kinds of PV modules, but silicon is the
most common material used in their fabrication because of
its better conversion efﬁciency [17]. Nevertheless, given
their high price and difﬁculty of processing, PV modules
made from silicon may not be a viable alternative to
completely replace traditional power generation methods.
Thin ﬁlm solar cells, by contrast, can be viewed as an
important alternative [18]. The advantages of using thin ﬁlm
PV modules are that they have a wide receiving spectra,
are unaffected by temperature, and have low costs.
Consequently, the development of thin ﬁlm PV modules
has become a priority these days.
The methods of enhancing the utilization efﬁciency
involve not only changes in material [19] but also
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maximum power point tracking (MPPT) [20]. A PV
module has a nonlinear characteristic caused by a change
in atmospheric conditions. MPPT methods are used to seek
the maximum power of the PV module [21]. Generally, the
commonly used methods to track the maximum power
point (MPP) are the perturbation and observation
[22–24], incremental conductance methods [25,26], fuzzy
logic controllers [27,28], and other methods [29]. Being
simple of operation and easy to understand, the perturbation and observation methods are often used. The load
can be increased or decreased periodically, but some
energy loss is inevitable near the MPP. The main electrical
parameters of the solar cell are a function of the resistance,
which can result in low energy-conversion efﬁciency in the
PV modules [30–33] and a deterioration of the maximum
power with varying resistance values [30,34]. The
corresponding open-circuit voltages (Voc) and short-circuit
currents (Isc) of a single solar cell are both affected by such
variations in resistance [30,34]. Furthermore, there is a
substantial decrease in the ﬁll factor and dramatic variation
in the MPP in a single solar cell with a change in the resistance [34]. The experimental results also demonstrate that
the resistance has a critical effect on the characteristics of
PV modules. Therefore, we must take the effect of the
resistance into consideration in order to accurately evaluate
the characteristics of PV modules from a single irradiated
I–V characteristic curve.
In summary, this study focuses on the resistance
effect in solar cells. A new and simple method is
proposed to directly determine the MPP of thin ﬁlm
PV modules from one point on an irradiated current–
voltage characteristic curve. This direct-prediction
method can be used to enhance the utilization efﬁciency
of thin ﬁlm PV modules. Our method can track the
MPP in real time to avoid the problem of energy loss.
Moreover, this estimation method can also be applied
to all kinds of PV modules and bring great beneﬁts to
the photovoltaic industry as a whole.
The rest of this paper is organized as follows. Section
2 explains the theoretical basis of the proposed prediction
method for thin ﬁlm PV modules, which is based on the
p–n junction recombination mechanism in a semiconductor. Section 3 describes the experimental process used to
verify the performance of the proposed method. Section
4 is divided into two parts. The ﬁrst one discusses the
basic performance evaluation of thin ﬁlm PV modules
with different numbers of series-connected (NS) and parallel-connected (NP) cells (or sub-modules), and the second
examines the performance of thin ﬁlm PV modules under
various irradiation intensities and temperatures. Conclusions are given in Section 5.

generate maximum power. However, the nonlinearity
means that the MPP of PV modules cannot be tracked
quickly and accurately using traditional methods. Fortunately, the nonlinear irradiation behaviors of thin ﬁlm PV
modules can be understood using the p–n junction recombination mechanism of semiconductors. In this study, we
propose a simpliﬁed method to directly estimate the MPP
using the p–n junction theory so as to allow the thin ﬁlm
PV module to achieve maximum utilization efﬁciency.
The equivalent circuit of thin ﬁlm PV modules based on
the p–n junction theory is shown in Figure 1, where Ig is
the photocurrent (A); Rsh is the parallel resistance (ohm),
and Rs is the series resistance (ohm), which includes excessive contact resistance. Both Rs and Rsh are inﬂuenced by
various conditions, such as varying illumination intensity
levels and temperatures [31,32]. Most commonly, PV
modules are composed of a number of either seriesconnected or parallel-connected cells. Therefore, the thin
ﬁlm PV modules can be assumed to be composed of a
number of cells connected in series (NS) or parallel (NP).
Thus, we impose additional modifying terms (NS and NP)
in the proposed model where NS and NP represent the
number of series-connected and parallel-connected cells
in the thin ﬁlm PV modules, respectively. By following
the conventions in [33], the output current I of the thin ﬁlm
PV module is given by the following equation using the
symbols shown in Figure 1:
I ¼ Ig  Id  Vd =Rsh

(1)

where Id and Vd are the current and voltage of the diode.
The Vd is given by
Vd ¼ V þ IRs

(2)

and the current Id can also be expressed by




qVd
Id ¼ Isat exp
1
nNS kT

(3)

The ideality factor (n) is usually set as “1” when only the

2. THEORETICAL BASIS OF THE
PROPOSED METHOD
The irradiation behaviors of PV modules are known to be
nonlinear, but there exists one operating point where they

Figure 1. A diagram of the equivalent circuit for thin ﬁlm
PV modules.
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
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diffusion current ﬂows across the junction and “2” when
the recombination current dominates [33]. Therefore, we
always consider the ideality factor as a constant. Isat is
the reverse saturation current of the PV modules (A). The
terms related to the parallel resistance Rsh can be generally
ignored, because the parallel resistance of thin ﬁlm PV
modules is relatively high in the majority of practical
cases. When thin ﬁlm PV modules are connected to the
load, the circuit parameters (I and V) in Eqs (1) and (2)
are changed to Ipv and Vpv, respectively. Consequently,
the output current of the thin ﬁlm PV modules (Ipv) can
be expressed by




q Vpv þ Ipv Rs
Ipv ¼ Ig  NP Isat exp
1
nNS kT

(4)

The generated power of thin ﬁlm PV modules is
Ppv ¼ Ipv Vpv

(5)




q
exp
Voc  Vmp  Imp Rs
nNS kT
¼1þ

qVmp
qVmp Rs dIpv Vpv ¼ Vmp ;
þ
nNS kT nNS kT dVpv Ipv ¼ Imp

On the other hand, for a line-connected PV system, the
effective line power PS can be written as [35]
PS ¼ VS IS cosθ ¼ VS IT

dPpv
dIpv
¼ Ipv þ
Vpv
dVpv
dVpv

(6)

We can substitute Eq. (4) into Eq. (6) and then obtain the
power slope b as follows:



q Vpv þ Ipv Rs
b ¼ Ig  NP Isat exp
1
nNS kT
 
 (7)

q Vpv þ Ipv Rs
dIpv
q
Rs
exp
1þ
NP Isat Vpv
nNS kT
nNS kT
dVpv


When the thin ﬁlm PV modules operate at their MPP, the
power slope b = 0. Eq. (7) can be further simpliﬁed to
Ig þ NP Isat
NP Isat



q Vmp þ Imp Rs
¼ exp
nNS kT

(12)

where  is the power conservation efﬁciency of the thin
ﬁlm PV modules. From Eqs (4), (11), and (12), the DC current Ipv of the PV modules can be estimated as follows:
Ipv ¼

Ppv
PS
VS IT
¼
¼
Vpv Vpv Vpv

(13)

Thus, the characteristic equation for PV modules operated
at the MPP becomes

exp



q
VS IT
Rs
Voc  Vmp 
nNS kT
Vmp

(14)

qVmp
qRs VS IT

nNS kT nNS kT Vmp

(8)

where Imp and Vmp stand for the current and voltage of PV
modules operated at their MPP, respectively. Moreover,
when the load is disconnected, the open-circuit voltage
(Voc) of the thin ﬁlm PV modules can be calculated by
(9)

By replacing the left side of Eq. (8) with the right side of
Eq. (9), a characteristic equation can be obtained from
Eq. (8), which represents the operation of PV modules at
MPP and is expressed as
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
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PS ¼ Ppv

¼1þ



qVmp
qVmp Rs dIpv Vpv ¼ Vmp ;
þ
1þ
nNS kT nNS kT dVpv Ipv ¼ Imp



Ig þ NP Isat
qVoc
¼ exp
NP Isat
nNS kT

(11)

where VS and IS are the RMS values of the line voltage (V)
and the line current (A), θ is the angle of the line current
(radians), and the RMS value of the line current is IT = IS
cosθ (A). Considering the law of power conservation and
the power conservation efﬁciency, the effective line power
PS should be equal to the DC power Ppv generated by PV
modules multiplied with its conservation efﬁciency, that is,

and the power slope b with respect to the voltage variation
of PV modules can be expressed as
b¼

(10)

The  can be considered as a constant in this model
because  can reach up to 99% with a line connection. The
open-circuit voltage Voc under standard test conditions can
be obtained from the datasheet for the thin ﬁlm PV modules.
In practical applications, the voltage Vmp of a thin ﬁlm PV
module operated at the MPP is near linearly proportional to
the open-circuit voltage Voc of a thin ﬁlm PV module
operated under different environmental conditions, that is,
varying irradiation intensities and temperatures [34]. In order
to directly estimate the MPP of thin ﬁlm PV modules, the
voltage Vmp at the MPP can be expressed as proportional to
the open-circuit voltage Voc:
Vmp ¼ mVoc

(15)

where m is deﬁned as the ratio of Vmp to Voc. Substituting Eq.
(15) into Eq. (14), the characteristic equation becomes
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exp



q
VS IT
Rs
(16)
Voc  mVoc 
nNS kT
mVoc

¼1þ

qmVoc
qRs VS IT

nNS kT nNS kT mVoc

The value of m can be calculated by Eq. (16), regardless of
the aforementioned parameters associated either with the
semiconductor fabrication procedure or with on-line measurable values. The q, n, and k are physical constants; Voc, Rs, NS,
, and T are the experimental parameters; VS and IT are the
measuring parameters. Subsequently, we can directly obtain
the MPPs of thin ﬁlm PV modules in real time from Eq. (15).
To sum up, we can directly estimate the MPP of thin
ﬁlm PV modules with the proposed method. From the
development of the proposed method and on the basis of
our experiment results, we can expect the prediction
performance of the method to be robust for various
series-connected and parallel-connected combinations of
cells in thin ﬁlm PV modules. In the characteristic equation, that is, Eq. (16), the q, n, and k are physical constants,
and the characteristic parameters of thin ﬁlm PV modules,
such as Voc, Rs, and NS can be obtained from the data
sheets for the thin ﬁlm PV modules. The effective line
power (PS = VSIT) of a line-connected PV system with
constant power conservation efﬁciency () can be directly
measured. The ambient temperature (T) can also be
measured for thin ﬁlm PV modules under various operation conditions. Substituting the values of the physical
constants, experimental parameters, and measured parameters into Eq. (16), we can directly obtain the m value
(which is deﬁned as the ratio of Vmp to Voc) and then use
Eq. (15) to estimate the Vmp at the MPP of thin ﬁlm PV
modules. Because our method is based on the inherent
properties of semiconductor materials, it is also not
affected by the fabrication procedure of the PV modules.
This further guarantees that variations in the operating
conditions (such irradiation and ambient temperature) that
occur in practical applications will have little effect on
the PV modules. The proposed method is a new and simple
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approach with a low calculation burden, which can be used
to directly determine the MPP of thin ﬁlm PV modules.
The MPPT algorithm can be combined with the proposed
direct-prediction method to construct the control algorithms that will accurately track the MPP of the PV
modules. The proposed method shows promise to allow
PV modules to achieve maximum power output in real
time for practical applications of PV modules.

3. EXPERIMENTAL PROCEDURES
In this study, we develop a prediction method capable of
directly estimating the MPP of the thin ﬁlm PV module.
The output current and voltage of thin ﬁlm PV modules
tend to vary with the internal resistance, illumination, and
ambient temperature. The performance of the proposed
method is evaluated through examining the characteristics
of the MPP of thin ﬁlm PV modules with respect to various
irradiation intensities and ambient temperatures, and the
results are discussed in detail in the next section.
Because of the limitations of experimental setups, the
performance of the proposed method is evaluated with
respect to various ambient temperatures and irradiation intensities. Even with varying the numbers of series-connected
and parallel-connected cells, the experimental results show
that the proposed method can certainly be used to directly
determine the MPP of thin ﬁlm PV modules from the irradiated current–voltage (I–V) characteristic curves.
We conducted the ﬁeld data tests and examined the irradiation intensity-dependent and ambient temperaturedependent characteristics of thin ﬁlm PV modules. In order
to efﬁciently determine the feasibility of the method, we
used various irradiation intensities and ambient temperatures. Thin ﬁlm PV modules composed of six parallelconnected sub-modules, each sub-module comprised 106
series-connected Si cells, were used in the ﬁeld tests.
Figure 2 shows a schematic diagram of the ﬁeld data tests
of the characteristics of the thin ﬁlm PV modules. The
power supply instrument was a solar simulator (SPI-SUN
SIMULATOR 4600, Spire, Bedford, MA, USA). To

Figure 2. A schematic diagram showing the ﬁeld data tests for the irradiation intensity characteristic of thin ﬁlm PV modules.
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
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observe the characteristics of irradiation intensity dependence, a temperature control system was used that received
signals from a temperature sensor, for example, a thermocouple or a resistance temperature detector, which in
turn acted as input to accurately control the experimental
temperature without extensive operator involvement. In addition, the temperature controller was connected to a cooling
stage to maintain a stable ambient temperature. The actual
temperature was compared with the desired control temperature, or set point, to provide output to a control element. Before measuring the I–V characteristics, the PV modules were
placed stably on the cooling stage, and the ambient temperature was maintained at a speciﬁed value. The power supply,
I–V meter, and temperature controller are also connected and
controlled with a personal computer, as depicted in Figure 2.
Firstly, we measured the I–V characteristics of thin ﬁlm
PV modules with the I–V meter under standard test conditions, that is, an irradiation intensity of 1000 W/m2, AM
1.5G, and an ambient temperature of 25  C. The I–V
characteristics of thin ﬁlm PV modules were also examined
under different illumination levels and ambient temperatures
as supplied by the solar simulator (SPI-SUN SIMULATOR
4600, Spire). The illumination intensities during the ﬁeld
tests were 200, 500, 800, and 1000 W/m2. The experiments
for ﬁeld tests were conducted at ﬁve temperatures, i.e., 0, 25,
50, 75, and 100  C, respectively. The I–V characteristics of
thin ﬁlm PV modules were measured with respect to the
different illumination levels and ambient temperatures. The
measurement for each test condition was repeated 100 times
to obtain the ﬁeld test data of the PV modules. The MPP of
thin ﬁlm PV modules under different irradiation intensities
and ambient temperatures were then determined using the
proposed direct-prediction method, and this process will be
discussed in detail as follows.

4. RESULTS AND DISCUSSION
4.1. Basic performance evaluation: the
effect of the number of series-connected and
parallel-connected cells
We examined the feasibility of the proposed direct-prediction
method with experiments for both series-connection and
parallel-connection thin ﬁlm PV modules. The experimental
measurements were carried out using the standard test conditions (an irradiation intensity of 1000 W/m2, AM 1.5G, and
an ambient temperature of 25  C).
Figure 3(a and b) show the current–voltage (I–V) and
power–voltage (P–V) curves for thin ﬁlm PV modules with
different numbers of series-connected cells (NS). The number
(NS) of cells in the thin ﬁlm PV series-connected modules is
1, 6, 10, 30, or 60 cells. For the series-connected PV modules,
the output current remains unchanged, but the output voltage
increases with increasing series-connected cell numbers.
Therefore, it is obvious that the output voltage is proportional
to NS and the value of the output current is irrelevant to NS, as
shown in Figure 3(a). It can be seen in Figure 3(b) that the
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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Figure 3. The (a) current–voltage and (b) power–voltage curves
for thin ﬁlm PV modules with different numbers of seriesconnected cells under an irradiation intensity of 1000 W/m2,
AM 1.5G, and an ambient temperature of 25  C. The diamond
symbols on the power–voltage curves in (b) indicate the
MPPs of thin ﬁlm PV modules with different series-connected
numbers estimated by the direct-prediction method.

output power of thin ﬁlm PV modules also increases with
increasing numbers of series-connected cells. The diamond
symbols on the power–voltage curves in Figure 3(b) indicate
the MPPs of thin ﬁlm PV modules for different seriesconnected numbers as estimated by the direct-prediction
method, that is, through Eqs (15) and (16). It is also found that
the values of Vmp will rise with increasing series-connected
numbers. Clearly, the proposed method can certainly be used
to directly determine the MPPs of thin ﬁlm PV modules from
the irradiated current–voltage (I–V) characteristic curves,
even for various numbers of series-connected cells.
To clarify the relationship between the MPP and different parallel connections, we examine the I–V and P–V
curves for thin ﬁlm PV modules with different numbers
(NP) of parallel-connected cells (1, 2, 6, 12, or 20 cells)
as shown in Figure 4(a and b). Note that parallel connection of the cells increases the output current. It is worth
mentioning that the values of the current rise with increasing numbers of parallel-connected cells, as shown in
Figure 4(a). This phenomenon is different from that shown
in Figure 3(a). Moreover, the output power of thin ﬁlm PV
modules also increases with increasing series-connected
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Figure 4. The (a) current–voltage and (b) power–voltage curves
for thin ﬁlm PV modules with different numbers of parallelconnected cells under an irradiation intensity of 1000 W/m2,
AM 1.5G, and an ambient temperature of 25  C. The diamond
symbols on the power–voltage curves in (b) indicate the MPPs
of thin ﬁlm PV modules with different parallel-connected numbers estimated by the direct-prediction method.

numbers. The direct-prediction method is also used to
examine the MPPs of the tested thin ﬁlm PV modules with
different parallel-connected cell numbers. The results are
indicated by the diamond symbols on the power–voltage
curves in Figure 4(b). The experimental results show that
the values of Vmp for the MPPs of thin ﬁlm PV modulesremain unchanged and insensitive to various parallelconnected numbers (NP), which is in agreement with the
theoretical implications derived from Eq. (16).
The ratios of Vmp/Voc for the thin ﬁlm PV modules also
vary with different NS and NP connections as plotted in
Figure 5(a and b). The results are consistent with the
proposed theoretical model. The values of m (which is
deﬁned as the ratio of Vmp to Voc) are invariant under
various numbers of series-connected (NS) and parallelconnected (NP) cells, remaining almost constant (close to
0.814) when NS and NP increase. These experiments
conﬁrm that the method presented here is accurate and
simple to calculate. Furthermore, the experimental results
shown in Figure 6(a and b) further demonstrate that the
parallel-connected number (NP) has only a slight impact
on the characteristic of the thin ﬁlm PV modules, or the
determination of the MPPs of thin ﬁlm PV modules. From
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Figure 5. The characteristic ratios of Vmp/Voc of thin ﬁlm PV
modules with (a) different parallel-connected cell numbers (NS)
and (b) different parallel-connected cell numbers (NP) under an
irradiation intensity of 1000 W/m2, AM 1.5G, and an ambient
temperature of 25  C.

Figure 6(a and b), we can see that either Vmp or Voc has a
proportional relationship to NS; however, a constant relationship to NP is revealed. The interrelationship between
Vmp and Voc presents an incremental phenomenon in the
cases where NS varies and an almost invariant property in
the cases where NP varies. Therefore, our method is an
effective way to determine the MPP of thin ﬁlm PV
modules from a single irradiated I–V characteristic curve.
The effect of series-connected cell numbers (NS) can also
be taken into consideration in practical applications.
Our previous theoretical method [34] can also be used to
further examine the relationship between the short-circuit
current Isc and the current Imp at the MPPs for the thin ﬁlm
PV modules by looking at the characteristic ratios of Imp/Isc
of thin ﬁlm PV modules with respect to different NS and
NP. Figure 7(a and b) shows the characteristic ratios of Imp/
Isc of thin ﬁlm PV modules with different NS and NP connections under the standard test conditions. The short-circuit
current Isc and the current Imp at the MPPs of thin ﬁlm PV
modules vary simultaneously with the numbers of NS and
NP, but the characteristic ratios of Imp/Isc of thin ﬁlm PV
modules remain unchanged with this variation. A comparison of the calculated results and the experimental results in
Figure 7(a and b) shows that both are pretty similar.
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/pip

J.-A. Jiang et al.

Figure 6. The (a) Vmp–NS–Voc and (b) Vmp–NP–Voc characteristics
of thin ﬁlm PV modules for different numbers of series-connected
(NS) and parallel-connected (NP) cells under an ambient temperature of 25  C.

Figure 8(a and b) can be used to uncover the relationship
between currents (Imp and Isc) and cell numbers (NS and NP).
Figure 8(a) shows that Imp or Isc remains constant while NS is
changed. However, Figure 8(b) reveals that there exists a
proportional relationship of Imp or Isc to NP. The interrelationship between Imp and Isc indicates an almost invariant property in the cases of NS variation and an incremental
phenomenon in the case of NP variation. All of the aforementioned phenomena are opposite to the voltage ones (Figure 6).
These experimental results verify that the current at the MPP
of the thin ﬁlm PV module can also be accurately estimated
using our previous theoretical method [34]. Moreover, it is
conﬁrmed that there is a proportional relationship between
the short-circuit current Isc and the current Imp of the MPP,
which is almost constant and equal to 0.93. Our approach
is more accurate than the empirically current ratio of Imp/Isc
reported in [22], even when the series-connected cell numbers and parallel-connected cell numbers change.
4.2. Performance evaluation for various
irradiation intensities and ambient
temperatures
Figures 9 and 10 show the current–voltage (I–V) and
power–voltage (P–V) curves of the tested thin ﬁlm PV
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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Figure 7. The characteristic ratios of Imp/Isc of thin ﬁlm PV modules
with (a) different numbers of parallel-connected cells (NS) and (b)
different parallel-connected cells (NP) under an irradiation intensity
of 1000 W/m2, AM 1.5G, and an ambient temperature of 25  C.

modules under different irradiation intensities and an ambient temperature of 25  C. For the standard test, the opencircuit voltage Voc and short-circuit current Isc of the tested
thin ﬁlm PV modules are 97 V and 1.62 A, respectively. As
mentioned previously, the adopted power conservation
efﬁciency  for the parallel-connected PV power conditioning system when line connection is set as  = 98%.
The ideality factor n of the thin ﬁlm PV modules in this
study is set to be n = 1.3. The factor of n is the expected
value between the diffusion (“1”) and the generation
recombination mechanisms (“2”) [33]. Most importantly,
the effects of various irradiation intensities on the I–V
curve of the thin ﬁlm PV modules are the main issues
investigated in detail.
In this study, we used four different irradiation intensities of 200, 500, 800, and 1000 W/m2 in our examination
of the feasibility of applying the proposed direct-prediction
method to determine the MPPs of thin ﬁlm PV modules
under various irradiation conditions. The irradiation intensity dependence of the Voc, Vmp, and Vmp/Voc for the thin
ﬁlm PV modules at a temperature of 25  C is summarized
in Table I. From Table I, it can be seen that the values of
the open-circuit voltage Voc and the voltage Vmp at the
MPP of the thin ﬁlm PV modules vary slightly with the
increased irradiation intensity.
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Figure 9. The current–voltage curves of thin ﬁlm PV modules
under different irradiation intensities and an ambient temperature
of 25  C.

Figure 8. The (a) Imp–NS–Isc and (b) Imp–NP–Isc characteristics of
thin ﬁlm PV modules for different numbers of series-connected
(NS) and parallel-connected (NP) cells under an ambient temperature of 25  C.

Next, we want to investigate the prediction performance
of the proposed direct-prediction method. To this end, two
prediction performance indices are deﬁned: (1) prediction
error in Vmp: |ΔVmp| = |Vmp(direct-prediction method) – Vmp(Experimental results)|; and (2) percentage prediction error in Vmp/
Voc: |Vmp/Voc| (%) = |[(Vmp/Voc(direct-prediction method) – Vmp/
Voc(Experimental results))/(Vmp/Voc(Experimental results))]  100%|.
The two prediction performance indices for thin ﬁlm PV
modules obtained by the direct-prediction method, by
using the data in Table I, are summarized in Table II.
The average values of the prediction error |ΔVmp| and the
percentage prediction error |Vmp/Voc| (%) for the actual
and estimated maximum power voltages of the thin ﬁlm
PV modules are 1.1192 V and 1.68%, respectively. This
conﬁrms that the voltage Vmp at the MPP of the thin ﬁlm
PV module can be simply and accurately estimated by
using the direct-prediction method.
Figure 11 shows the characteristic ratio of Vmp/Voc and
Imp/Isc for the thin ﬁlm PV module estimated by the directprediction method under different irradiation intensities and
an ambient temperature of 25  C. After careful inspection
of Figure 11, we ﬁnd that the ratios of Vmp/Voc remain almost
constant, close to 0.78. Furthermore, from the values of Vmp
and Voc, we can also directly estimate the ratio of Imp and Isc
at the MPPs of the thin ﬁlm PV modules through the

Figure 10. The power–voltage curves of thin ﬁlm PV modules
under different irradiation intensities and an ambient temperature
of 25  C.

theoretical method [34]. Figure 11 also shows the irradiation
intensity dependence of Imp/Isc ratio for the thin ﬁlm PV
modules. In contrast to the slight decrease in the ratio of
Vmp/Voc, the experimental results show that Imp/Isc remains
almost constant when the irradiation intensity increases.
These facts are important for ﬁnding the operation characteristics of thin ﬁlm PV modules.
Figure 12 depicts the relationship between the shortcircuit current Isc and the current Imp at the MPP for the
thin ﬁlm PV under different irradiation intensities and an
ambient temperature of 25  C. The linearly proportional
relationship between the short-circuit current Isc and the
current Imp of the MPP remains almost constant and is
equal to 0.92. This result is more accurate than the empirically current proportion of Imp/Isc reported in [22], even if
the irradiation intensity changes.
Table III lists the measurement data for Isc, Imp, and Imp/Isc
of the thin ﬁlm PV modules and their corresponding
estimation results obtained using the direct-prediction
method. The measurement experiments were conducted with
four different irradiation levels while maintaining the solar
panels at a constant temperature. From Table III, it can be
clearly seen that the current Imp of the MPP is proportional
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
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Table I. The measured data of Voc, Vmp, and Vmp/Voc for thin ﬁlm PV modules and the corresponding estimation results obtained by
using the direct-prediction method under different irradiation intensities and an ambient temperature of 25  C.
Irradiation
intensity
(W/m2)
1000
800
500
200

Experimental results

Direct-prediction method

Voc (V)

Vmp (V)

Vmp/Voc

Vmp (V)

Vmp/Voc*

97.0061
96.0897
94.1332
90.2550

74.9462
75.7685
74.7389
74.9565

0.7726
0.7885
0.7940
0.8305

75.2282
74.7578
74.6006
71.3466

0.7755
0.7780
0.7925
0.7905

*The values of the open-circuit voltage (Voc) used are the same as the experimental ones.

Table II. The prediction performance indices expressed as prediction error (|△Vmp|) and percentage of prediction error (|Vmp/Voc|)
for thin ﬁlm PV modules obtained by using the direct-prediction method under different irradiation intensities and an ambient
temperature of 25  C.
Irradiation
intensity
(W/m2)
1000
800
500
200

Prediction performance indices
Prediction error |△Vmp| (V)

Percentages of prediction error |Vmp/Voc| (%)

0.2820
1.0107
0.1383
3.6099

0.38
1.33
0.19
4.82

Figure 11. The characteristic ratios of Vmp/Voc and Imp/Isc for thin
ﬁlm PV modules estimated by the direct-prediction method
under different irradiation intensities and an ambient temperature of 25  C.

to the irradiation intensity. Furthermore, the values of the
short-circuit current Isc, the current Imp of the MPP, and the
ratio of Imp/Isc are all correlated with the irradiation intensity
level. More importantly, an examination of Table III indicates that the ratio of Imp/Isc remains almost constant and
close to 0.925. Table IV summarizes the prediction performance indices for thin ﬁlm PV modules, including prediction
error (|ΔImp|) and percentage of prediction error (|Imp/Isc|)
obtained with the direct-prediction method. These two parameters are deﬁned as follows: (1) prediction error in Imp:
|ΔImp| = |Imp(direct-prediction method) – Imp(Experimental results)|; and
(2) percentage prediction error in Imp/Isc: |Imp/Isc| (%) =
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/pip

Figure 12. The relationship between the short-circuit current Isc
and the current Imp at the MPPs for thin ﬁlm PV modules
estimated by the direct-prediction method under different irradiation intensities and an ambient temperature of 25  C.

|[(Imp/Isc(direct-prediction method) – Imp/Isc(Experimental results))/(Imp/
Isc(Experimental results))]  100%|. As can be seen in Table IV,
the average values of the prediction error |ΔImp| and the average prediction error |Imp/Isc| (%) are 0.025 A and 2.06%, respectively. By using the proposed direct-prediction method,
very accurate estimations of Imp and Imp/Isc can be obtained.
Temperature variation always seriously affects the
performances of thin ﬁlm PV modules. Therefore, the
temperature dependence of the proposed prediction
method needs to be carefully examined. The current–
voltage (I–V) and power–voltage (P–V) curves obtained
for the thin ﬁlm PV modules tested under different ambient
temperatures with an irradiation intensity of 1000 W/m2
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Table III. The measured data Isc, Imp, and Imp/Isc for thin ﬁlm PV modules and the corresponding estimation results obtained by using
the direct-prediction method under different irradiation intensities and an ambient temperature of 25  C.
Irradiation
intensity
(W/m2)

Experimental results

Direct-prediction method

Isc (A)

Imp (A)

Imp/Isc

Imp (A)

Imp/Isc*

1000
800
500
200

1.6159
1.3023
0.8013
0.3218

1.4705
1.1833
0.7382
0.2856

0.9100
0.9086
0.9212
0.8877

1.4949
1.1993
0.7395
0.3001

0.9251
0.9209
0.9229
0.9326

*The values of the short-circuit current (Isc) used are the same as the experimental ones.

Table IV. The prediction performance indices expressed as prediction error (|△Imp|) and percentage of prediction error (|Imp/Isc|) for thin
ﬁlm PV modules obtained by using the direct-prediction method under different irradiation intensities and an ambient temperature of
25  C.
Irradiation
intensity
(W/m2)
1000
800
500
200

Prediction performance indices
Prediction error |△Imp| (A)

Percentages of prediction error |Imp/Isc| (%)

0.0244
0.0405
0.0165
0.0206

1.66
1.35
0.19
5.06

are shown in Figures 13 and 14, respectively. In these tests,
the material parameters, the ideality factor n and the power
conservation efﬁciency , are set the same as mentioned
earlier, that is, 1.3 and 98%, respectively. The experimental results show that the performances of the thin ﬁlm PV
modules are affected by the temperature, with the voltage
of the thin ﬁlm PV module decreasing as the temperature
climbs. From Figure 13, it can be observed that the change
in temperature mainly inﬂuences the PV output voltage. As
the device temperature goes up, Voc will rapidly decline
because of the exponential dependence of the saturation
current Isat on temperature while Isc slightly increases [33].
In this experiment, we used ﬁve different ambient
temperatures of 0, 25, 50, 75, and 100  C and further
examined the feasibility of the proposed direct-prediction
method when applied to determine the MPPs of thin ﬁlm
PV modules under different ambient temperatures. The
results of the ambient temperature dependence of the Voc,
Vmp, and Vmp/Voc for thin ﬁlm PV modules at an irradiation
intensity of 1000 W/m2 are summarized in Table V. It can
be seen that the values of the open-circuit voltage Voc and
the voltage Vmp at the MPP of the thin ﬁlm PV modules
decrease with an increase in the ambient temperature.
The prediction performance of the proposed directprediction method is similarly investigated. The two
prediction performance indices for thin ﬁlm PV modules
generated by the direct-prediction method based on the
data of Table V are summarized in Table VI. Both prediction performance indices are deﬁned as before. It can be
seen in Table VI that the average values of the prediction
error |ΔVmp| and the percentage prediction error |Vmp/Voc|
(%) for the actual and estimated maximum power voltages
of the thin ﬁlm PV modules are 1.0988 V and 1.65%,
respectively. These results conﬁrm that the voltage Vmp at

Figure 13. The current–voltage curves of thin ﬁlm PV modules
under different ambient temperatures and an irradiation intensity of 1000 W/m2.

Figure 14. The power–voltage curves of thin ﬁlm PV modules
under different ambient temperatures and an irradiation intensity of 1000 W/m2.
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
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Table V. The measured data Voc, Vmp, and Vmp/Voc for thin ﬁlm PV modules and the corresponding estimation results obtained by
using the direct-prediction method under different ambient temperatures and an irradiation intensity of 1000 W/m2.
Ambient
temperature
( C)

Experimental results

Direct-prediction method

Voc (V)

Vmp (V)

Vmp/Voc

Vmp (V)

Vmp/Voc*

0
25
50
75
100

104.2816
97.0061
89.7306
82.4552
75.1797

80.5669
74.9459
69.3250
63.7041
58.0831

0.7720
0.7720
0.7720
0.7720
0.7720

81.4439
74.6947
68.3299
62.2949
56.1217

0.7810
0.7700
0.7615
0.7555
0.7465

*The values of the open-circuit voltage (Voc) used are the same as the experimental ones.

Table VI. The prediction performance indices expressed as prediction error (|△Vmp|) and percentage of prediction error (|Vmp/Voc|) for
thin ﬁlm PV modules obtained by using the direct-prediction method under different ambient temperatures and an irradiation intensity
of 1000 W/m2.
Ambient
temperature
( C)
0
25
50
75
100

Prediction performance indices
Prediction error |△Vmp| (V)

Percentages of prediction error |Vmp/Voc| (%)

0.8770
0.2512
0.9951
1.4091
1.9615

1.17
0.26
1.36
2.14
3.30

the MPP of the thin ﬁlm PV module can be simply and
accurately estimated using the direct-prediction method.
Figure 15 shows the characteristic ratio of Vmp/Voc and
Imp/Isc for thin ﬁlm PV modules estimated by the directprediction method under different ambient temperatures
and an irradiation intensity of 1000 W/m2. The solid lines
in Figure 15 indicate the experimental results; the dashed
lines represent the results obtained by direct-prediction
method. Both ratios of Vmp/Voc and Imp/Isc clearly remain
almost constant. In addition, after direct estimation, the

Figure 15. The characteristic ratios of Vmp/Voc and Imp/Isc for
thin ﬁlm PV modules estimated by the direct-prediction method
under different ambient temperatures and an irradiation intensity of 1000 W/m2. The solid lines indicate the experimental
results, and the dashed lines indicate the results obtained by
the direct-prediction method.
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
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Vmp/Voc results (represented by the dashed line) decreased
slightly with the rise in the ambient temperature. In contrast
to the slight decrease in the ratio of Vmp/Voc, the Imp/Isc ratio
showed a tendency to increase when the ambient temperature
was raised. These facts are important for ﬁnding the operation characteristics of thin ﬁlm PV modules. To clarify this,
we plotted the curves showing the variation of Imp and Isc
with temperature in Figure 16. It can be easily seen that both
currents rise with increasing ambient temperature. The Imp
and Isc curves appear like two parallel lines; see the determination of the phenomenon in Figure 15.

Figure 16. The relationship between the short-circuit current Isc
and the current Imp at the MPPs for thin ﬁlm PV modules estimated by the direct-prediction method under different ambient
temperatures and an irradiation intensity of 1000 W/m2.
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Table VII. The measured data Isc, Imp, and Imp/Isc for thin ﬁlm PV modules and the corresponding estimation results obtained by using
the direct-prediction method under different ambient temperatures and an irradiation intensity of 1000 W/m2.
Ambient
temperature
( C)

Experimental results

Direct-prediction method

Isc (A)

Imp (A)

Imp/Isc

Imp (A)

Imp/Isc*

0
25
50
75
100

1.5835
1.6159
1.6482
1.6805
1.7128

1.4411
1.4705
1.4999
1.5293
1.5587

0.9100
0.9100
0.9100
0.9100
0.9100

1.4546
1.5055
1.5528
1.5958
1.6461

0.9186
0.9317
0.9421
0.9496
0.9611

*The values of the short-circuit current (Isc) used are the same as the experimental ones.

Table VIII. The prediction performance indices expressed as prediction error (|△Imp|) and percentage of prediction error (|Imp/Isc|) for
thin ﬁlm PV modules obtained by using the direct-prediction method with different ambient temperatures and an irradiation
intensity of 1000 W/m2.
Ambient
temperature
( C)
0
25
50
75
100

Prediction performance indices
Prediction error |△Imp| (A)

Percentages of prediction error |Imp/Isc| (%)

0.0136
0.0351
0.0529
0.0665
0.0874

0.94
2.38
3.53
4.35
5.61

The measurement data for Isc, Imp, and Imp/Isc for the
tested thin ﬁlm PV modules and their corresponding estimation results obtained using the direct-prediction method
are shown in Table VII. The values of the short-circuit
current Isc, the current Imp of the MPP, and the ratio of
Imp/Isc are all correlated with the variation in the ambient
temperature. From Table VII, it can also be found that
the ratio of Imp/Isc remains almost constant, close to 0.91.
Table VIII summarizes the prediction performance indices for thin ﬁlm PV modules, that is, prediction error
(|ΔImp|) and percentages of prediction error (|Imp/Isc|),
estimated by the proposed direct-prediction method to
examine its feasibility. The parameters are deﬁned as
mentioned earlier. From Table VIII, we can ﬁnd that the
average values of the prediction error |ΔImp| and prediction
error |Imp/Isc| (%) are 0.05 A and 3.36%, respectively. With
these facts, the current Imp at the MPP of the thin ﬁlm PV
module can be simply and accurately estimated using the
direct-prediction method. Irradiation intensity and ambient
temperature directly affect the performance of the thin ﬁlm
PV modules that convert solar energy into DC electricity
and continuously provide a DC forward current. On the
basis of the data summarized in Tables VI and VIII, with
an increase in the ambient temperature, it was found
that the temperature difference in the interior of the PV
modules gradually went up because of the packaging thermal structure and material properties. The electrical characteristics of PV modules were slightly affected by the
signiﬁcant self-heating effect and the thermal accumulation
of the PV modules, causing greater variations in the estimation of the current and voltage (Imp and Vmp) of PV

modules operated at the MPP. Therefore, the percentage
of prediction error (|Vmp/Voc| and |Imp/Isc|) of thin ﬁlm PV
modules under a higher ambient temperature is higher than
that under a lower ambient temperature. With these ﬁndings, we can conclude that the proposed direct-prediction
method can be used to obtain pretty accurate estimations
of Vmp, Imp, Vmp/Voc, and Imp/Isc under different irradiation
intensities or ambient temperatures.
The experimental results and theoretical estimations
demonstrate that we can directly and accurately estimate
the values of the characteristic index, m, for thin ﬁlm PV
modules composed of different numbers of series-connected
and parallel-connected cells under different irradiation intensities and temperatures. This fact guarantees that the
proposed direct-prediction prediction method for the MPPs
of thin ﬁlm PV modules can be used to develop control rules
for MPPT control for PV arrays/systems.

5. CONCLUSIONS
In this study, we propose a new, simple, accurate method
with a low calculation burden for the estimation of the
MPP of thin ﬁlm PV modules. This efﬁcient and directprediction method is developed on the basis of the p–n junction recombination mechanism. The MPP of thin ﬁlm PV
modules with any number of series-connected and parallelconnected cells can be simply estimated even under different
irradiation intensities and temperatures. The proposed
method can be used to directly determine the MPP of thin
ﬁlm PV modules with the changes of the irradiation intensity
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
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and temperature. The average values of the percentage
prediction error |Vmp/Voc| (%) for the actual and estimated
maximum power voltages of thin ﬁlm PV modules are
1.68% and 1.65% (under various irradiation intensities and
temperatures). These results conﬁrm that the location of the
MPP for the thin ﬁlm PV module can be simply and accurately estimated using the direct-prediction method even with
changes in the irradiation intensity and temperature. The
evolution of the characteristic ratios Vmp/Voc and Imp/Isc can
be considered as a function of the irradiation intensity and
temperature, and our values are found to be in good agreement with the theoretical predictions. With the directprediction prediction method, we can simply ﬁnd the value
of m (which is deﬁned as the ratio of Vmp to Voc) and track
the MPP of the PV system with an MPPT control model
in real time.
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