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The accumulation of thermal energy in the interior of photovoltaic (PV) modules as a consequence of
continuous solar irradiation causes a difference between the junction temperature of the PV modules
and the ambient temperature, which leads to a serious deterioration in the performance of the PV
modules. We investigate this problem in depth, proposing a novel method to directly determine the
junction temperature of the PV modules based on the pen junction semiconductor theory. The proposed
method is a new and simple approach with a low calculation burden. Its performance is evaluated by
examining the characteristics of the junction temperature of the PV modules given variation in both
temperature and irradiation intensity. After obtaining the junction temperature of the PV modules, we
can track a more accurate maximum power point (MPP) for the PV modules, which is inherently affected
by the ambient temperature, so that the maximum utilization efﬁciency of PV modules can be further
achieved. The experimental results demonstrate that the proposed method is a signiﬁcant improvement
in terms of the precision of the MPP control model, and helps PV modules produce their maximum
power under various operation conditions.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
The use of renewable energy has gradually come to be considered a way to mitigate the negative effects brought about by global
warming and climate change [1e6]. The use of renewable energy
sources, such as photovoltaic (PV) energy, wind energy, and fuel
cells, has been able to considerably reduce certain carbon dioxide
emissions [7e13]. Many studies have made efforts to examine the
performance and reliability of PV modules arising from their
unique properties and suitability for various applications [14e16].
Crystalline silicon (c-Si), monocrystalline silicon (mo-Si), and
polycrystalline (p-Si) PV modules are commonly considered the
most reliable types of PV module technology [17e20]. However,
when the PV modules are operated in an outdoor environment,
with frequent ﬂuctuations in the environmental temperature and
irradiation intensity, it gives rise to critical thermal-related factors
that may affect their performance and reliability of PV modules
[21e24]. For example, the effects of the variation of temperature
and irradiation intensity inherently lead to the deterioration in the
output power of PV modules [21,23,24]. In addition, the thermal
effect also inﬂuences the estimation of the maximum power point
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(MPP) and electrical parameters for the PV modules, such as
maximum output power, maximum conversion efﬁciency, internal
efﬁciency, reliability, and lifetime [21,23,24].
How to counter with the negative thermal effects on the
performances of PV modules is a very important technical issue.
The junction temperature, for example, is a critical parameter that
signiﬁcantly affects the electrical characteristics of PV modules. For
practical applications of PV modules, it is very important to accurately estimate the junction temperature of PV modules and
analyze the thermal characteristics of the PV modules. Once the
temperature variation is taken into account, we can then acquire
a more accurate MPP for the PV modules, and the maximum
utilization efﬁciency of the PV modules can also be further
achieved.
The junction temperature of the PV modules is inﬂuenced by the
packaging of the PV modules and environmental factors such as
ambient temperature and wind speed/direction. Under irradiation,
the PV modules can directly convert solar energy into direct current
(dc) electricity [25,26] which can be supplied to the load or
batteries. However, for practical applications, the PV modules
provide a continuous dc forward current. This may also lead to the
enhancement of the self-heating effect and increase the difference
between the ambient temperature and junction temperature,
thereby leading to a signiﬁcant deterioration in the performance of
PV modules. It is reasonable to suppose that the junction
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temperature of the PV modules will ﬂuctuate with the ambient
temperature due to the signiﬁcant heating caused by the dc
forward current.
There have been a variety of techniques and theoretical methods
used to investigate the junction temperature of the PV modules
[27e32]. Usually, the junction temperature is assumed to be the
module temperature, the average value of the back-side and the
front-side surface temperatures [27e30]. However, it might be
inaccurate to measure the junction temperature by these methods.
Mattei et al. proposed a numerical method of energy balance to
predict the junction temperature of PV modules [31], but this
method requires complicated calculation procedures. Huang et al.
developed a non-destructive method to measure the junction
temperature of PV modules [32] but this depends on the quality of
the data or basic parameters which are required to be determined
in advance. Moreover, it must also be borne in mind that the
complexity of the method does not guarantee its reliability. On the
other hand, internal processes taking place within the semiconductor material during its bombardment by photons lead to the
production of electricity and release the non-converted energy as
heat. Focusing on the standard heat transfer mechanisms, some
researchers have developed a procedure for the estimation of
junction temperature which takes the relevant energy balance for
the PV module into account [33e35]. However, the thermal environment which generates the instantaneous operating temperature value of the PV module is quite complex. Due to the complexity
of the mathematical operations involved in the afore-mentioned
methods, it is not easy to ﬁnd solutions using these numerical
methods without the help of a digital signal processor or a relatively powerful microcontroller. A less complicated way of determining junction temperature through a convenient estimation
technique is required.
Given the shortcomings mentioned above, it is impossible to
quickly acquire the junction temperature of the PV modules by
using the conventional methods. This means that the accurate
estimation of the junction temperature and maximum power point
(MPP) for the PV modules cannot be achieved in real-time. In this
study, we propose a novel method for directly determining the
junction temperature of the PV modules. The proposed method is
a new and simple approach with a low calculation burden. This
method is developed based on the pen junction semiconductor
theory of solar cells. The junction temperature of the PV modules
can be directly determined from the irradiated currentevoltage
characteristic curves under a variety of irradiation conditions and
temperature variations. The junction temperature of the PV
modules within a pen junction diode is estimated relying on the
temperature dependence of the intrinsic carrier concentration, the
bandgap energy, and the effective density of states. Therefore, the
proposed method is not only able to directly estimate the junction
temperature of the PV modules but also able to provide a more
accurate MPP for the PV modules after considering temperature
and irradiation variations.
2. Theoretical basis of the proposed method
The PV modules exhibit a nonlinear currentevoltage (IeV)
characteristic, which varies continuously with the array temperature and solar irradiation, although there does exist one operating
point where the PV modules will produce maximum power. The
nonlinear IeV characteristic curve of the PV modules can be
successfully explained by the pen junction recombination mechanism for semiconductors [36]. For PV modules under illumination
and connected to the load, the current Ipv of the PV modules,
a function in terms of the voltage Vpv, can be expressed by the
Shockley equation [21,22,36e42]:
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where Ig, Isat, Rs, Rsh, and T are the experimental parameters,
speciﬁcally, Ig is the light-generated photocurrent (A); Isat is the
ideal saturation current (A); Rs is the series resistance (ohm); Rsh is
the parallel resistance (ohm); and T is the temperature (K).
Generally, the temperature T is assumed to be the ambient
temperature Ta, i.e., T ¼ Ta. The q, n, and k are physical constants,
where q is the electron charge (C); n is the ideality factor of the
diode; and k is the Boltzmann’s constant (eVK1). The ideality
factor (n) of the diode is usually set as ‘1’ when only the diffusion
current ﬂows across the junction dominates or ‘2’ when the
recombination current dominates.
It has been observed in experimental tests and practical applications that the voltage of PV modules (Vpv) decreases linearly with
an increase in the ambient temperature and satisﬁes the following
equation:

Vpv ¼ Vpv0 þ CT Ta ;

(2)

where Vpv0 is the intercept of voltage of PV modules at Ta ¼ 0  C; CT
is the temperature coefﬁcient of PV module’s voltage and is
a negative value (V C1); and Ta is the ambient temperature. Under
irradiation, the PV modules convert light energy into direct current
(dc) electrical power through the pen junction of the semiconductors to produce current and voltage [25,26]. However, the
effect of the heat generated by the continuous dc current, which is
affected by the packaging, thermal structure, and material properties, cannot be neglected, because it causes an inequality between
the junction temperature of the PV modules and the ambient
temperature. To overcome such problems, we propose a novel and
simple method to directly determine the junction temperature of
the PV modules from the characteristic curve given the irradiated
currentevoltage. Using the developed method to directly determine the junction temperature of the PV modules, we can further
track a more accurate MPP, giving the PV modules a better capability to withstand temperature variations and achieve the
maximum utilization efﬁciency of the PV modules.
In order to directly estimate the junction temperature of the PV
modules based on the afore-mentioned ﬁndings, we ﬁrst examine
the effects of the junction temperature on the IeV curves, subject to
different irradiation intensities and temperatures. The pen junction
recombination mechanism can be used to explain the linear and
nonlinear temperature-dependent behaviors of semiconductor
systems, such as PV modules and light-emitting diodes. Taking the
temperature dependence of the semiconductor material into
account, the ideal saturation current Isat in the IeV characteristic of
the PV modules can be expressed as [36]

"
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where A is the area of PV modules; NC and NV are the effective
density of states in the conduction band and valence band,
respectively; Dn and Dp are the diffusion coefﬁcients for electrons
and holes, respectively; sn and sp are the minority carrier lifetimes
for electron and holes, respectively; ND is the donor concentration;
NA is the acceptor concentration; and Eg is the bandgap energy of
the semiconductor. The temperature T is usually the same as the
ambient temperature Ta (T ¼ Ta). The diffusion coefﬁcients decrease
when the temperature drops according to the T1/2 dependence,
and the carrier lifetime changes with temperature due to phonon
scattering [36]. In the following theoretical derivation, the dopants
with concentrations of ND and NA are assumed to be fully ionized so
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that the free carrier concentration is not temperature-dependent
[36]. The effective density of states in the conduction band and
valence band, NC and NV, are given by [36]

NC h2

2pmde kTa
h2

3=2

2pmdh kTa
h2

3=2

MC ;

(4)

and

NV h2

;

(5)

where mde and mdh are the density-of-state effective mass for
electrons and holes, respectively; h is the Planck’s constant; MC is
the number of equivalent minima in the conduction band. As the
temperature increases, the energy gap of the semiconductors
generally decreases [36]. Therefore, the ideal saturation current Isat
is strongly temperature-dependent. In the majority of practical
cases, the two internal resistances Rs and Rsh can generally be
neglected, because the series resistance Rs of the PV modules is very
small and the parallel resistance Rsh of the PV modules is relatively
high. Therefore, Eq. (1) is further simpliﬁed to





q Vpv
Ipv ¼ Ig  Isat exp
1 :
nkTa

(6)

For the practical operation of the PV modules, the voltage Vpv is
greatly larger than the thermal voltage, i.e., Vpv >> kTa/q, and Eq. (6)
can be further approximated by

Ipv ¼ Ig  Isat exp

qVpv
:
nkTa

(7)

Next, we develop a method to investigate the inﬂuence of the
thermal effect on the performance of PV modules, then use this
method to estimate the temperature-dependent characteristics of
the PV modules under various irradiation intensities. The derivative
of the voltage Vpv of PV modules with respect to the ambient
temperature can be expressed as

dVpv
dTa
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d nkTa
;
¼
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dTa
q
Isat

(8)

and Eq. (8) is further manipulated to become
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By substituting Eqs. (3)e(5) into Eq. (9), the temperature dependence of Isat, Eg, NC and NV is taken into account. Due to the minor
contribution of the diffusion coefﬁcients and lifetimes [36], their
contribution to the temperature coefﬁcient can be ignored.
Executing the derivative in Eq. (9) yields

dVpv
qVpv  nEg n dEg 3nk
¼
þ

:
dTa
qTa
q dTa
q

(10)

This equation gives the fundamental temperature dependence of
the voltage Vpv. The ﬁrst summand ((qVpv e nEg)/qTa), the second
summand ((q/n)(dEg/dTa)), and the third summand (e3nk/q) on the
right-hand side of Eq. (10) are due to the temperature dependence
of the intrinsic carrier concentration, bandgap energy, and effective
density of states NC and NV, respectively.
The junction temperature is a critical parameter that signiﬁcantly affects the performance of PV modules, including the open-

circuit voltage Voc, the short-circuit current Isc, the maximum
output power (Pmp), the MPP, and the reliability. In ﬁeld-test
experiments on the PV modules under solar irradiation, the values
of the dc forward voltage and current are measured. The heat
generated by the continuous dc current leads to an extensive
thermal accumulation in the interior of the PV modules, leading to
the existence of a temperature difference between the junction
temperature and the ambient temperature. The junction temperature for the PV modules under different output currents can be
expressed as

Tj ¼ Ta þ DT;

(11)

where Ta is the ambient temperature; and DT is the temperature
difference between the junction temperature of the PV modules
and the ambient temperature. Based on the proposed method, the
derivative of the voltage Vpv of the PV modules with respect to the
ambient temperature can be directly estimated using Eq. (10). The
values of the ﬁrst summand ((qVpv  nEg)/qTa) and the third
summand (3nk/q) on the right-hand side of Eq. (10) can be
directly evaluated by substituting the values of the experimental
parameters and physical constants into these two terms. However,
it is difﬁcult to obtain the detailed temperature dependence of the
bandgap energy of the semiconductor. Fortunately, we can use the
experiential formula to usefully characterize the second summand
((q/n)(dEg/dTa)) on the right-hand side of Eq. (10) [36]. Therefore, it
is feasible to apply the proposed theoretical method to directly
acquire the junction temperature for practical applications of PV
modules.
Using the ﬁeld-test experiment and the proposed method, the
junction temperatures for the PV modules under different output
currents can be approximately estimated by

Tj ¼

Vpv  Vpv0
;
dVpv
dTa

(12)

where Vpv is the voltage of the PV modules; Vpv0 is the intercept of
the voltage of the PV modules at Ta ¼ 0  C; and dVpv/dTa is the
derivative of the voltage of the PV modules with respect to ambient
temperature. Note that the value of Vpv0 can be obtained from the
plot of voltage versus ambient temperature. From Eq. (10), we can
obtain the value of the derivative of the voltage with respect to the
ambient temperature and then estimate the junction temperature
of the PV modules by using Eq. (12).
Generally, PV arrays are established using modules with closer
possible speciﬁcations arranged in series and/or parallel. These
series-parallel-connected PV modules make up the complete
power generation unit of the PV system. The performance and
characteristics of individual PV modules in an array will be fairly
similar under uniform irradiation patterns and considering similar
values of the relevant ambient parameters around the PV array
which minimize the difference among the heat transfer of different
PV modules within the array. Furthermore, the junction temperature of an array can be considered as a combination of the estimated junction temperatures for individual PV modules. The
proposed junction temperature estimation method is also included
in the generalization from a PV module to an array of PV modules.
We are able to directly and simply estimate the junction temperature of an array of PV modules with our proposed method.
Finding the MPPs of PV modules is crucial for controlling
module operation under various environmental conditions. It is
necessary in practical applications to track the MPP, to achieve
optimal use of the available solar energy and the maximum power
output can be obtained in real-time. Recently, a direct-prediction
method was proposed to estimate the MPPs of PV modules
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Fig. 1. The currentevoltage characteristic curves of the monocrystalline Si PV modules under different ambient temperatures and irradiation intensities of (a) 1000 W/m2, (b)
800 W/m2, (c) 600 W/m2, (d) 400 W/m2, and (e) 200 W/m2.

subject to different irradiation intensities and temperatures [21].
Using this direct-prediction method, the MPPs of PV modules can
be simply and accurately determined from the irradiated IeV
characteristic curve. However, the effects of the junction temperature on the MPP estimation for the PV modules were not taken
into account in [21]. To further improve the accuracy of the MPP
estimation, it is necessary to address this issue. According to the
direct-prediction method [21], the MPPs of PV modules can be
directly estimated by

q
q
VS IT
Rs
mVoc 
$
nkTa
nkTa hmVoc


q
V I
Voc  mVoc  S T Rs ;
¼ exp
hmVoc
nkTa

q
q
VS IT
Rs
mVoc 
$
nkTj
nkTj hmVoc
#
"
q
VS IT
Voc  mVoc 
;
¼ exp
R
hmVoc s
nkTj

1þ

1þ

(13)

where

m ¼ Vmp =Voc

respectively. The MPPs of PV modules can be directly obtained in
real-time using the m value calculated from the characteristic
equation, Eq. (13). As the PV modules operate under various operation conditions, heat will accumulate in their interior of the PV
modules, leading to a temperature difference between the junction
temperature and the ambient temperature. To take the effects of
the junction temperature into consideration, the ambient temperature Ta in Eq. (13) should be replaced by the junction temperature
Tj to become

(14)

is the ratio of the voltage Vmp at the MPP to the open-circuit voltage
Voc; Ta is the ambient temperature; VS and IT are the root-meansquare (rms) value of the line voltage (V) and the line current (A),

(15)

where Tj is the junction temperature expressed by Eq. (11). In Eq.
(15), q, n, and k are physical constants; Voc, Rs, m, and h are the
experimental parameters; and VS and IT are the measured parameters. Finally, the m value is a key parameter to be determined from
the nonlinear equation, Eq. (15). The MATLAB toolbox (using a ﬁnite
element method), was used to solve the nonlinear differential
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equations (Eqs. (12) and (15) in this study) to obtain the Tj and m
values under various operating conditions, from which the other
characteristic parameters, such as Vmp, DT, and Pmp, etc., are
obtained. Therefore, we can directly estimate the m value for the PV
modules by using Eq. (15) after adjusting the temperature variation.
We further obtain the Vmp value at the MPP using Eq. (14) so that
the maximum utilization efﬁciency of the PV modules can be
achieved.
In summary, it is easy to estimate the junction temperature of
the PV modules using this method based on the pen junction
recombination mechanism. The proposed method offers a simple
approach with a low calculation burden, which can be used to
directly determine the junction temperature of the PV modules
from their IeV characteristic curves under irradiation. The
proposed method allows determination of the junction temperatures for practical applications. The junction temperatures estimated by the method can be further used to obtain a more accurate
MPP for the PV modules. It is expected that the proposed method
can be utilized to investigate the thermal effect on the performance
of PV modules.

Fig. 2. The maximum output power of the monocrystalline Si PV modules expressed as
a function of the ambient temperature under different irradiation intensities.

3. Experimental procedures
4. Results and discussion
The thermal characteristic of PV modules is a critical factor
which signiﬁcantly affects their performance during operation. In
order to investigate the thermal effect on the performance of PV
modules, we conducted a number of ﬁeld tests examining the
temperature-dependent characteristics of the PV modules under
various irradiation intensities. We used monocrystalline Si PV
modules which were made up of 60 pieces of 600 Si commercial cells
connected in series to conduct the ﬁeld-test experiments. The PV
modules were made of p-type, monocrystalline silicon (mo-Si)
wafers. The size of the PV modules was 1632  995 mm2. The IeV
characteristics of the monocrystalline Si PV modules were ﬁrst
measured under standard test conditions: an irradiation intensity
of 1000 W/m2, AM 1.5G, and ambient temperature of 25  C. The
open-circuit voltage Voc and the short-circuit current Isc of the
monocrystalline Si PV modules were 36.84 V and 8.35 A, respectively. The conversion efﬁciency and the maximum output power of
the monocrystalline Si PV modules were 14.16% and 230 W,
respectively.
To measure the temperature-dependent currentevoltage (IeV)
curves, the monocrystalline Si PV modules were mounted on
a sample holder stage, which was connected to a cooling system.
The temperature-dependent currentevoltage (IeV) curves of the
monocrystalline Si PV modules were obtained from an extensive
series of experiments using a solar simulator (SPI-SUN SIMULATOR
4600, Spire) under a wide ambient temperature range (0  Ce75  C).
The experiments for these ﬁeld tests were conducted under four
ambient temperatures (0, 25, 50, and 75  C) and ﬁve irradiation
levels with intensities of 200, 400, 600, 800, and 1000 W/m2,
respectively. Operating under different ambient temperatures and
irradiation levels, we used the solar simulator to examine the IeV
characteristics of the monocrystalline Si PV modules. The ﬁeldtest data regarding the IeV characteristics of the monocrystalline Si
PV modules were obtained using the IeV m to measure the same
ten PV modules under different ambient temperatures and
irradiation levels, and the test was repeated 100 times. The
forward voltages of the monocrystalline Si PV modules were
extracted from the IeV curves of the PV modules under various
irradiation intensities and a broad ambient temperature range
between 0  C and 75  C. The experimental data were further used
to examine the feasibility of applying the proposed method to
predict the MPP for PV modules. The details will be presented in
next section.

Fig. 1(a)e(e) show the currentevoltage (IeV) characteristic
curves of the monocrystalline Si PV modules under different
ambient temperatures and irradiation intensities of 1000 W/m2,
800 W/m2, 600 W/m2, 400 W/m2, and 200 W/m2. From the
experimental results, it is found that the changes in irradiation
mainly affect the short-circuit current and output current of the PV
module. However, the ambient temperature changes mainly
inﬂuence the open-circuit voltage of the PV module under any of
the speciﬁc intensities of solar irradiation. These experimental
results are consistent with the theoretical predictions. It has been
theorized that when the irradiation intensity rises, the short-circuit
current Isc will increase dramatically due to the increase in the
minority carrier concentration, and the open-circuit voltage Voc will
rise due to a linear increase in the photocurrent Iph [36]. An
inspection of our experimental results clearly indicates that the
output voltage of the PV modules decreases dramatically when the
ambient temperature increases, but the output current increases
slightly when the temperature rises. For example, the short-circuit
currents Isc of PV modules tested under an irradiation intensity of
1000 W/m2 and ambient temperatures of 0, 25, 50, and 75  C are
approximately 7.97, 8.16, 8.34, and 8.52 A, respectively. Furthermore, as the ambient temperature increases, the open-circuit
voltage Voc rapidly decreases. For example, the open-circuit voltages Voc of the PV modules tested under an irradiation intensity of
1000 W/m2 and ambient temperatures of 0, 25, 50, and 75  C are
approximately 39.77, 36.65, 33.53, and 30.42 V, respectively. This
phenomenon is mainly due to the exponential dependence of the
saturation current Isat on the temperature so that Isc increases
slightly [36].
Fig. 2 depicts the maximum output power of the monocrystalline Si PV modules expressed as a function of the ambient
temperature under different irradiation intensities. For an ambient
temperature of 25  C, the maximum output power of PV modules
decreases from 227 W to 43 W as the irradiation intensity decreases
from 1000 W/m2 to 200 W/m2. We further investigate the inﬂuence
of the thermal effect on the performance of PV modules. The
maximum output power of PV modules decreases from 240 W to
196 W and from 46 W to 37 W for the PV module under an irradiation intensity of 1000 W/m2 and 200 W/m2, respectively, with
an increase in the ambient temperature from 0  C to 75  C.
Therefore, the overall effects of irradiation intensity and
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temperature cause a reduction of power as the ambient temperature increases.
The output (or open-circuit) voltage of the PV module is mainly
inﬂuenced by variations in the ambient temperature, and the
output (short-circuit) current of the PV module is mainly inﬂuenced by variations in the irradiation. Thus, it is necessary to
investigate the effects of the ambient temperature on the PV output
voltage under different output currents and various irradiation
intensities. Once this task has been completed, the relationship
between the PV output voltage and the ambient temperature can
be estimated. The output voltages of the monocrystalline Si PV
modules under different output currents and various irradiation
intensities are acquired from the IeV curves of the PV modules
shown in Fig. 1(a)e(e). These results are plotted in Fig. 3.
Fig. 3(a)e(e) shows the experimental forward voltages for the
monocrystalline Si PV modules expressed as a function of the
ambient temperature under different output currents and various
irradiation intensities. From Fig. 3(a)e(e), we can observe that the
forward voltage of PV modules decreases linearly with an increase
in the ambient temperature even if the experimental condition
combinations of irradiation intensities and output currents are
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changed. In the experiments when the output current is 0.5 A, if the
experimental irradiation intensities are varied with an equal
decrement (i.e., 200 W/m2) from 1000 W/m2 to 200 W/m2, the
forward voltages of PV modules under varying ambient temperatures from 0  C to 75  C will show an approximate shift downward
from 39.52 V to 30.24 V, from 39.14 V to 29.96 V, from 38.65 V to
29.59 V, from 38.06 V to 29.14 V, and from 37.01 V to 28.38 V,
respectively. The drops in the forward voltages of PV modules
ranged from 9.28 V to 8.63 V. This implies that the forward voltages
of PV modules are slightly affected by a wide range of variation in
irradiation and ambient temperature. It also reveals that the
forward voltages of PV modules will slightly decrease with the
decrease in the irradiation intensity under any speciﬁc experimental condition combinations of ambient temperature and output
current. On the other hand, a careful inspection of Fig. 3(a)e(e)
clearly indicates that if the PV module operates under a speciﬁc
combination of irradiation and ambient temperature, the forward
voltages of the monocrystalline Si PV modules exhibit a signiﬁcant
down shift when the output current of the PV module increases. In
the case of the experimental condition combination (irradiation,
ambient temperature) ¼ (1000 W/m2, 25  C), for instance, the

Fig. 3. The experimental forward voltage of the monocrystalline Si PV modules expressed as a function of the ambient temperature under different output currents and irradiation
intensities of (a) 1000 W/m2, (b) 800 W/m2, (c) 600 W/m2, (d) 400 W/m2, and (e) 200 W/m2.
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forward voltages of the tested PV modules will be down shifted
from 36.43 V to 31.56 V when the PV module’s output current
increases from 0.5 A to 7.0 A. This phenomenon might be attributable to the relationship between the forward voltage of the PV
modules and the temperature dependence of the saturation current
Isat under a constant irradiation intensity [36].
The experimental results also revealed that the linear relationship between the experimental voltage of the PV modules and
ambient temperature is consistent with that described by Eq. (2).
However, the temperature coefﬁcient of the voltage (CT, as indicated by the slopes of the straight lines shown in Fig. 3(a)e(e)) was
slightly affected by the signiﬁcant self-heating effect and thermal
accumulation of the PV modules under irradiation [27e35].
Therefore, it is difﬁcult to directly and accurately estimate the value
of CT, so that the ambient temperature cannot adequately represent
the junction temperature.
The proposed junction temperature estimation method can be
used to obtain the values of the Vpv0 from the plots of voltage versus
temperature, as shown in Fig. 3(a)e(e), and the derivative of the
voltage Vpv of the PV modules with respect to ambient temperature
(dVpv/dTa) can be directly estimated by Eq. (10). Usually, the output
current of the PV module is closely related to its Vpv and Vpv0; both

values of Vpv and Vpv0 will further affect the estimation of the
junction temperature Tj. Therefore, once the values of Vpv0 and
dVpv/dTa are available, the junction temperature of the PV modules
and the dependence of the junction temperatures on different
output currents can be further indirectly estimated using Eq. (12)
and the data from ﬁeld-test experiments shown in Fig. 3(a)e(e).
Fig. 4(a)e(e) shows the junction temperatures of monocrystalline Si
PV modules plotted as a function of the ambient temperature for
different combinations of output currents and irradiation intensities. These ﬁgures indicate a signiﬁcant upward or downward shift
in the junction temperature of the PV modules depending on their
operating output current when operated at any speciﬁc combination of irradiation and ambient temperature. It can be seen from
Fig. 4(a)e(e) that the junction temperatures of the monocrystalline
Si PV modules under a constant irradiation intensity will vary
linearly with an increase in the ambient temperature, even if the
operated output currents of the PV modules are changed. For
example, in the case where the output current is 5 A, the junction
temperature Tj under an irradiation of 1000 W/m2 and ambient
temperatures of 0, 25, 50, and 75  C will gradually increase to
approximately 32.95, 57.77, 82.78, and 107.95  C, respectively. As
mentioned above, both the shift in the forward voltage and the

Fig. 4. The junction temperatures of the monocrystalline Si PV modules expressed as a function of the ambient temperature under different output currents and irradiation
intensities of (a) 1000 W/m2, (b) 800 W/m2, (c) 600 W/m2, (d) 400 W/m2, and (e) 200 W/m2.
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increase in the junction temperature that correspond to the
increase in the ambient temperature arise mainly because of the
contact resistance between the metal and the Si layers and the
bandgap shrinkage effect [36]. On the other hand, when the PV
modules operate under an irradiation of 1000 W/m2 but the output
current remains 3 A, the junction temperature Tj increases signiﬁcantly to approximately 31.02, 55.96, 80.96, and 106.02  C with an
increase in the ambient temperature from 0  C to 75  C, respectively. It is also revealed that there will be a signiﬁcant decrease in
the junction temperatures of PV modules with the decrease in the
operating output current under a speciﬁc combination of irradiation intensity and ambient temperature. For example, for the
combination of (irradiation, ambient temperature) ¼ (1000 W/m2,
25  C), the junction temperature Tj shift from 54.66  C to 62.54  C as
the output current of the tested PV module changes from 0.5 A to
7.0 A. This notable shift phenomenon in the junction temperature Tj
depending on the output current is quite similar to that observed
when examining the forward voltage of the PV modules. It is worth
noting that there is slight increase in the junction temperature of
monocrystalline Si PV modules under a speciﬁc irradiation intensity when the output current increases. Furthermore, a careful
examination of the data in Fig. 4(a)e(e) also reveals that the
junction temperatures of PV modules will decrease with the
decrease in irradiation intensity for a speciﬁc combination of
operating output current and ambient temperature. For example,
suppose that the PV module provides an operating output current
of 1 A when the ambient temperatures is 25  C and the irradiation
intensities are 1000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2, and
200 W/m2. In this case, the junction temperatures of the tested PV
module are approximately 54.88, 48.36, 41.69, 36.15, and 31.25  C,
respectively. From this it can be seen that the junction temperature
of PV modules will be signiﬁcantly affected by the various operation
conditions such as the irradiation intensity and ambient
temperature.
Through analysis of the junction temperatures of monocrystalline Si PV modules shown in Fig. 4(a)e(e), we can also obtain
the dependence of the irradiation intensity on the junction
temperatures of the PV module for different ambient temperatures.
The results are plotted in Fig. 5(a). It should be noted that the PV
modules will not absorb light energy and will not generate any heat
in their interior when exposed to an irradiation intensity of 0 W/
m2. It is reasonable to suppose that the junction temperature of the
PV modules will be equal to the ambient temperature when the
irradiation intensity is 0 W/m2. The ﬁgure shows that there is
a stepwise rise in the junction temperatures of the PV modules
when the ambient temperature increases in equal increments for
each experimental run, i.e., 25  C. This might be primarily
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attributable to the contact resistance and the bandgap shrinkage
effect [36]. Furthermore, the junction temperature of the PV
modules increases linearly under a constant ambient temperature
with the rising of the irradiation intensity, as depicted in Fig. 5(a).
For example, the junction temperatures Tj under an ambient
temperature of 25  C and irradiations of 0, 200, 400, 600, 800, and
1000 W/m2 are approximately 25.00, 31.07, 36.57, 42.64, 49.98, and
57.11  C, respectively. This can be attributed to the heat generated
by the continuous dc current and thermal accumulation in the
interior of the PV modules under irradiation. Moreover, when the
PV modules operate under an irradiation of 1000 W/m2, the junction temperature Tj will increase signiﬁcantly with increasing
ambient temperature from 0  C to 75  C to approximately 32.28,
57.11, 82.12, and 107.28  C, respectively. The results indicate that
there is a gradually linear increase in the junction temperature of
the PV modules under a constant irradiation intensity with the
increase of the ambient temperature. The error bars in Fig. 5(a)
represent the standard deviation of the junction temperatures of
the monocrystalline Si PV modules estimated by the junction
temperature estimation method. Generally, the stronger the
experimental radiation is, the greater the standard deviation
obtained. Under higher irradiation intensity, the PV modules can
directly convert solar energy into dc electricity and continuously
provide a larger forward current. The larger dc current leads to
a gradual increase in the heat generated in the interior of the PV
modules. The packaging thermal structure and material properties
cause greater variation in the junction temperature of PV modules.
Therefore, the standard deviations of the junction temperatures of
the monocrystalline Si PV modules under higher irradiation
intensities are larger than under lower irradiation intensities. In the
case of an irradiation of 1000 W/m2, for instance, the standard
deviations of the estimated PV module’s junction temperatures
with respect to the four testing temperatures from 0 to 75  C will be
2.35  C, 2.17  C, 2.18  C, and 2.34  C, respectively. These standard
deviations are quite small. This indicates that the estimated junction temperature of the PV modules obtained with the proposed
junction temperature estimation method is very stable with little
deviation.
Next, we further investigate the effect of various levels of irradiation on the temperature difference DT of the PV modules. The
temperature differences DT ¼ Tj  Ta are estimated under different
ambient temperatures from 0 to 75  C. Fig. 5(b) shows the
temperature differences (DT) for the monocrystalline Si PV module
expressed as a function of the irradiation intensities under different
ambient temperatures. The averaged temperature differences DT
and the standard deviation of the junction temperature of the PV
modules at an increment of 200 W/m2 in the irradiation intensities

Fig. 5. The thermal characteristic curves of the monocrystalline Si PV modules: (a) junction temperatures; and (b) temperature differences for the monocrystalline Si PV modules
expressed as a function of the irradiation intensity under different ambient temperatures. The error bars indicate the standard deviation of the junction temperatures of the
monocrystalline Si PV modules estimated by the junction temperature method.
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Table 1
The thermal dependence of the Vmp/Voc for the monocrystalline Si PV modules and the prediction error jVmp/Vocj (%) obtained with the proposed estimation method under
different irradiation intensities and ambient temperatures.
Irradiation intensity

Ambient temperature

Experimental results

Direct-prediction method ([21] a)

Direct-prediction method with an adjustment of Tj

(W/m2)

( C)

Vmp/Voc

Vmp/Vocb

Prediction error:
jVmp/Vocj (%)

Vmp/Voc

1000

0
25
50
75
0
25
50
75
0
25
50
75
0
25
50
75
0
25
50
75

0.8145
0.8144
0.8137
0.8133
0.8145
0.8144
0.8137
0.8133
0.8145
0.8144
0.8137
0.8133
0.8145
0.8144
0.8137
0.8133
0.8145
0.8144
0.8137
0.8133

0.8531
0.8362
0.8171
0.7974
0.8521
0.8352
0.8161
0.7964
0.8513
0.8342
0.8152
0.7954
0.8501
0.8331
0.8149
0.7938
0.8489
0.8318
0.8145
0.7932

4.74
2.68
0.42
1.95
4.62
2.55
0.29
2.08
4.52
2.43
0.18
2.20
4.37
2.30
0.15
2.40
4.22
2.14
0.10
2.47

0.8206
0.8192
0.8168
0.8152
0.8184
0.8171
0.8142
0.8101
0.8172
0.8152
0.8131
0.8089
0.8162
0.8146
0.8133
0.8085
0.8151
0.8141
0.8131
0.8081

800

600

400

200

b

Prediction error:
jVmp/Vocj (%)
0.75
0.59
0.38
0.23
0.48
0.33
0.06
0.39
0.33
0.10
0.07
0.54
0.21
0.02
0.05
0.59
0.07
0.04
0.07
0.64

a
The Vmp/Voc and jVmp/Vocj (%) of the monocrystalline Si PV modules were estimated by the direct-prediction method [21] without an adjustment of the junction
temperature Tj.
b
The values of the open-circuit voltage (Voc) used are the same as the experimental values.

ranging from 200 to 1000 W/m2 are 6.13  0.2  C, 11.6  0.6  C,
17.7  1.1  C, 25.1  1.7  C, and 32.2  2.2  C, respectively. These
experimental results show that the method presented here is stable
and is easy to use. Furthermore, it can be seen that the DT of the PV
modules rises due to the increase in the irradiation intensity but
remains almost the same when the ambient temperature is altered.
From the experimental results, we also ﬁnd that DT is almost
linearly proportional to the irradiation intensity under various
ambient temperatures. This suggests that the difference between
the junction temperature of the PV modules and the ambient
temperature is mainly inﬂuenced by the irradiation intensity but is
quite insensitive to changes in the ambient temperature.
Generally, Imp and Vmp are utilized to represent the current and
voltage of PV modules operated in the maximum power output
mode, i.e., the MPP consists of Imp and Vmp. During PV modules
operation, the MPPs of PV modules are deeply affected by the
environmental conditions such as irradiation intensity and ambient
temperature. Usually, the MPPs of PV modules can be tracked
accurately using traditional methods, such as the lookup table
method [43,44], perturb-and-observe method [45e48], and incremental conductance method [49,50]. However, these methods did
not take the thermal effect into consideration. Therefore, the
proposed junction temperature estimation method can be used to
determine the MPPs of PV modules more accurately. Following the
treatment in our previous work [21], the thermal dependence of
the Vmp/Voc for the monocrystalline Si PV modules and the
prediction error of the proposed estimation method under different
combinations of irradiation intensities and ambient temperatures
are listed in Table 1. There are three kinds of Vmp/Voc values for the
monocrystalline Si PV modules listed in Table 1. The ﬁrst ones come
from the experimentally measured data; the second ones are
estimated by the direct-prediction method [21] without an
adjustment of the junction temperature Tj; and the third ones are
the data estimated by the method proposed in this work taking
adjustment of the junction temperature Tj into account. By using
Eq. (15), the effects of temperature variations on the junction
temperatures have been taken into consideration so that we can
directly estimate the Vmp at the MPPs of the PV modules. After

substituting the junction temperature adjustment into the
proposed direct-prediction MPP method, with an increase in irradiation intensity from 200 to 1000 W/m2, the average percentage of
prediction error for jVmp/Vocj (%) at the MPPs of PV modules will
respectively decrease from 2.23%, 2.30%, 2.33%, 2.39%, and 2.45%e
0.21%, 0.22%, 0.26%, 0.32%, and 0.49%. Clearly, the error for estimating the MPPs of PV modules is signiﬁcantly reduced by using
our new method. The experimental results indicate that the
proposed junction temperature estimation method can be used to
accurately estimate the MPPs of the PV modules under environmental variations. Therefore, the proposed method is an effective
and simple way to determine the temperature differences of PV
modules from the irradiated IeV characteristic curves even for
changing ambient temperatures.
In summary, this study conﬁrms that the junction temperature
of the PV modules can be simply and stably estimated using the
junction temperature estimation method. This method can also be
easily integrated with the direct-prediction MPP method to
develop control rules for maximum power point tracking (MPPT)
methods and applied to PV generation systems.
5. Conclusions
In this study, we investigated the effectiveness of the proposed
junction temperature estimation method for PV modules subject to
different irradiation intensities and ambient temperatures. Based
on the pen junction recombination mechanism, we are able to
simply estimate the junction temperature of the PV modules with
our proposed method. It has been found that the junction
temperature of the PV modules gradually increases as the radiation
intensity and ambient temperature increase. Furthermore, the
temperature difference between the junction temperature and the
ambient temperature will increase linearly with an increase in the
radiation intensity, even if the ambient temperature changes. In
order to investigate the inﬂuence of the temperature effect on the
accuracy of MPP and jVmp/Vocj (%) estimations, we conducted
a series of experiments, including ﬁeld data tests and numerical
estimation, to evaluate the performance of the proposed junction
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temperature estimation method. The effectiveness of the proposed
method is veriﬁed through experiments conducted under various
weather conditions. Combining the direct-prediction MPP method
with the new proposed junction temperature estimation method
for PV modules, we are able to reduce the average percentage of
prediction error jVmp/Vocj (%) at the MPPs of the PV modules from
2.23%, 2.30%, 2.33%, 2.39%, and 2.45%e0.21%, 0.22%, 0.26%, 0.32%,
and 0.49%, respectively, as irradiation intensities increase in an
equal increment of 200 W/m2 from 200 to 1000 W/m2. The results
indicate that the proposed method can provide a more accurate
estimation of the MPPs of PV modules under environmental variations while obtaining the maximum power output for practical
applications.
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