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Mismatching operating conditions negatively affect the extracted energy in photovoltaic (PV) systems. They may also lead to
dangerous localized heating phenomena (hot spots) that can cause, in turn, accelerated ageing and reduced reliability. Since the
adoption of bypass diodes or smart active switches does not prevent the occurrence of hotspots, it is necessary to investigate
alternative strategies. A promising solution is represented by the proper regulation of the operating point of the PV cells in the
current vs. voltage (I-V) or power vs. voltage (P-V) planes when mismatching conditions occur. In particular, in this paper, the
existence of operating points allowing a suitable compromise between maximization of the extracted power and minimization of
thermal stresses, due to hot spots, is experimentally evidenced. Experimental results highlighting the link existing between the
operating point in the I-V plane and the PV cell temperature distribution under uniform and mismatching operating conditions
are presented and discussed. On the basis of the obtained experimental results, it is possible to state that, when mismatching
conditions occur, it is mandatory to properly choose the operating point: the global maximum power point may not be the best
operating point. Hence, it is crucial to gain information about the eventual occurrence of mismatching conditions in order to be
able to properly choose the best operating point. Therefore, another crucial aspect that is evidenced in this paper is represented
by the fact that the detection of the occurrence of mismatching conditions, based on the analysis of the shape of the I-V and/or
P-V characteristics, is effective only if the analysis is carried out for both positive and negative voltages.

1. Introduction

It is well known that, in photovoltaic (PV) systems, mis-
matching due to partial shading, shadows of neighboring
objects, dirtiness, clouds, different orientation angles of mod-
ules of the PV field, soiling, manufacturing tolerances, or age-
ing can cause reduced reliability and significant losses in the
energy yield [1–6]. Even with the commonly used bypass
diodes, mismatched cells may become reverse biased [7]
and dissipate power, leading to dangerous localized heating
phenomena called hot spots that in turn may cause accel-
erated ageing or even the damage of the cells. The hot
spot in a reverse-biased PV cell occurs when its temperature

increases, above the temperature of the cells surrounding it,
due to power dissipation which can occur in the entire cell
or a portion of it.

This increase in the cell temperature will gradually
degrade the output power generated by the PV module
[8, 9]. As discussed in [4], the operating temperature of the
PV modules has a huge impact on their aging. In fact, the
higher the operating temperature, the higher the probability
of discoloration of the encapsulant material, module delami-
nation, creation of bubbles, and corrosion. Moreover, higher
working temperatures also accelerate the degradation of the
ribbon and solder bonds and the PID effect [10], as well as
cause cell cracks and failures of junction boxes and bypass
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diodes. Many long-term studies made on field-aged PV gen-
erators have shown that, despite the presence of bypass
diodes, localized heating phenomena represent one of the
main causes of PV module failures [11–13]. On the basis of
the above considerations, it is evident that it is advisable to
limit as much as possible the operating temperature of PV
modules. Many distributed power electronic architectures
have been introduced in the literature in order to mitigate
the mismatching effects (hot spots) and increase the energy
yield of PV systems [14–19]. Also, the dynamical reconfigu-
ration of PV arrays has been proposed in the literature in
order to face the drawbacks that are associated to mismatch-
ing phenomena [20–25]. PV array reconfiguration can be
obtained by means of a reconfigurable switch matrix made
of MOSFETs or of electromechanical relays. In [26–30], it
has been shown that distributed converters can improve sys-
tem reliability by reducing the occurrence of hot spots. In
fact, reliability represents a crucial aspect to take into account
in PV applications. In [31], the following innovative concept
has been introduced as concern reliability: the objective of the
maximization of the energy production of a PV array during
its lifetime may be in contrast with the objective of the max-
imization of the power production in any operating condi-
tion. That is, it may be in contrast with maximum power
point tracking (MPPT) objectives, if reliability is given due
consideration. Even if [31] is focused in particular on PV
reconfiguration, the above concept is of course valid also
when distributed power architectures are adopted. At first
sight, the link existing between the reliability of a PV array
and the efforts to extract its maximum possible power
(MPPT) may seem to be weak. However, as shown in this
paper, different PV array operating points lead to different
temperature distributions, which in turn lead to different
durations of life or at least to different degradation rates of
the array itself [4]. Therefore, it is clear that the aging process,
which is related to the PV module temperature distribution,
can be accelerated or delayed by properly regulating the oper-
ating point. At this stage, the following question arises: is the
MPP the best operating point in any working condition of
the PV array? In this paper, it will be shown that the
answer to the previous question is negative. In particular,
in Section 2 the considered experimental set-up will be briefly
described. In Section 3 (Section 4), experimental results
highlighting the link existing between the operating point
in the current vs. voltage (I-V) plane and the PV cell
temperature distribution under uniform (mismatching)
operating conditions are presented and discussed. On the
basis of these experimental results, it is possible to state
that, if mismatching conditions occur, it is mandatory to
properly choose the operating point: the global MPP may
not be the best operating point. Therefore, it is crucial to
gain information about the eventual occurrence of mis-
matching conditions in order to be able to properly choose
the best operating point. Hence, in Section 5, it will be
experimentally shown that the detection of mismatching
conditions can be efficiently supported by the analysis of
the shape of the I-V and/or power vs. voltage (P-V) charac-
teristics not only for positive but also for negative voltages.
Conclusions end the paper.

2. The Experimental Set-up

The main prevention method for hot spotting of PV modules
is represented by passive bypass diodes that are placed in par-
allel with strings of PV cells. Bypass diodes turn on to provide
an alternative current path and attempt to prevent extreme
reverse bias voltages, and hence hot spots on PV strings. A
number of long-term field studies have found that, nonethe-
less, hot spots still occur on systems employing bypass
diodes [32–36]. Active bypass switches are an improvement
over bypass diodes but do not resolve the problem [7]. There
are two further methods to prevent hot spots: method
1—regulation of the operating point (make the PV string
work in open circuit in extreme cases) [26, 37, 38] and
method 2—ensure that the cell can fully dissipate the
worst-case power scenario without damages [7]. For exam-
ple, cells with low reverse-breakdown voltages limit the
power dissipated during hot spots and may be an effective
prevention method. Further studies are needed to determine
the susceptibility of cells with low reverse-breakdown volt-
ages to hot spot damages [7]. The focus of this paper is on
method 1. In particular, it will be shown that once the occur-
rence of mismatching is detected, it is possible to reduce sys-
tem degradation, increase longevity, and improve lifetime
energy harvesting by properly regulating the PV operating
point and the associated temperature distribution.

In the following, without any loss of generality, the results
of targeted experimental activities carried out on Photonsolar
PM0020 Modules [39], with the main characteristics that are
reported in Table 1, will be presented and discussed.

Since Photonsolar PM0020 Modules lack bypass diodes,
such modules will be called PV units (PVUs) in order to
underline the fact that they are different from traditional
PV modules that are equipped with bypass diodes. As a con-
sequence, the validity of the experimental findings contained
in Sections 3, 4, and 5 refers to PV modules that are not
equipped with bypass diodes.

Initially, two PVUs have been simultaneously analysed.
In particular, the two considered PVUs have been connected
in series during the first part of the experimental campaign.
Two different experimental set-ups have been considered.
In Figure 1(a), the experimental set-up that has been used
for tracing the I-V and the P-V curves of the considered
PVUs is shown. In particular, such curves are obtained by
means of sweeps carried out by using the IV Tracker HT

Table 1: Main electrical characteristics of the adopted Photonsolar
PM0020 [39] Modules.

Description Symbol Value

MPP voltage VMPP 16.5V

MPP current IMPP 1.21A

MPP power PMPP 20W

Open-circuit voltage VOC 20V

Short-circuit current ISC 1.38A

Nominal operating cell temperature NOTC 45°C

Number of series cells Ns 36
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Instruments I-V400w [40, 41] accompanied by the HT304
Pyranometer [40]. This is a system that is able to trace the
I-V and P-V characteristics of PV modules or fields up to
a maximum of 1000V (with a voltage resolution of 0.1V)
and 15A (with a current resolution of 0.01A) [40]. A second
experimental set-up has been adopted in order to get the
temperature distribution of the considered PVUs as a func-
tion of the operating point. Such experimental set-up is
shown in Figure 1(b). In particular, the desired operating
point is set by means of a power supply (that fixes VPV )
and a thermographic image of the PVUs is obtained by
means of a thermal camera [42]. The adopted power supply
is a Kepco BOP 36-12M [43], a device that is able to operate
in all four quadrants of the I-V plane. It is a linear power sup-
ply with two bipolar selectable control channels (voltage or
current mode) that are individually controllable either by
front panel controls (front panel voltage or front panel cur-
rent control mode) or by remote control signals (remote volt-
age or remote current control mode) [43]. In the considered
application, the Kepco works in remote voltage control
mode. The adopted thermal camera is a Testo 881 Thermal
Imager whose main characteristics are the following [44]:
3.5″ LCD display with 320× 240 pixel resolution, tempera-
ture measuring range 0–350°C (32–662°F), accuracy± 2°C
(±3.6°F) or ±2% of the reading (whichever is greater),

reproducibility± 1°C (±1.8°F) or ±1% (whichever is greater),
and on-time (time to image) 30 s.

3. The Link between the Operating Point in the
I-V Plane and the PV Cell Temperature
Distribution under Uniform
Operating Conditions

The first set of experimental results are characterized by
the absence of mismatching conditions. In particular, a
picture of the two series-connected PVUs equipped with
the IV Tracker is reported in Figure 2. The tests have been
carried out on 26 September 2017 in Aversa (CE), Italy
(40°57′56.2″N, 14°12′43.2″E), under a clean-sky day with
an irradiance of S = 600W/m2 and an ambient tempera-
ture of Tamb = 25°C.

The I-V and P-V characteristics of the two series-
connected PVUs have been obtained by means of the exper-
imental set-up shown in Figure 1(a). Such curves are shown
in Figures 3 and 4.

Indeed, another curve is also shown in Figure 4. It is the
average temperature of the two PVUs as a function of the
operating voltage. Such a curve has been obtained by means
of thermographic images carried out by means of the

HT Instruments
I-V400w

HT304
Pyranometer

VPVIPV

PV units

(a)

Kepco BOP
36-12M

Testo 881
Thermal Imager

VPV
IPV

PV units

(b)

Figure 1: Experimental set-up adopted for (a) tracing I-V and P-V characteristics and (b) measuring PVU temperature as a function of the
operating point.

Figure 2: Two series-connected PVUs equipped with the IV Tracker. 26 September 2017, Aversa (CE), Italy. S = 600W/m2 and ambient
temperature Tamb = 25°C.
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experimental set-up shown in Figure 1(b). In particular, an
example of thermographic image is shown in Figure 5. It
has been obtained when the two PVUs operate in the MPP.
Of course, in the absence of whatever mismatching condi-
tion, the distribution of the temperature on the two PVUs
is nearly uniform. The most interesting, even if somewhat
predictable, result is clearly shown by the dashed curve in
Figure 4. In the absence of whatever mismatching condition,
not only is the temperature distribution uniform whichever is
the operating point in the I-V plane, but, in the MPP it
attains its minimum value (50.5°C). Such a result is predict-
able since, when the total sun energy hitting a PV unit is
more or less constant (as in the case of Figure 2 which refers
to a clean-sky day), the operating point which allows extract-
ing the maximum electrical power (that is the MPP) must be
characterized by the lowest temperature. In fact, a simple
analysis concerning the energetic balance of the system com-
posed by the PVUs allows stating that, in the MPP, the
energy coming from the sunlight and which remains avail-
able for the heating of the PVUs attains its minimum value
just because the extracted electric energy attains its maxi-
mum value. On the other hand, in short-circuit (SC) and
open-circuit (OC) conditions, the energy which is available
for the heating of the PVUs attains its maximum value just
because the extracted electric energy is equal to zero. Indeed,

as shown in Figure 4, the difference among the value of the
temperature of the PVUs in the MPP and the corresponding
ones taking place in SC and/or in OC conditions is quite lim-
ited and is around 8°C.

This is a general result. In the absence of mismatching
conditions, the working of the PV system in the MPP is pref-
erable for a two-fold reason: the maximization of the
extracted power and the minimization of the aging effects
that are, without exceptions, all intensified with the increase
of the PV cell operating temperature [1–6]. A number of
additional experimental characterizations confirming the
above statement have also been carried out in different days
and in different ambient operating conditions as concerns
the irradiance level and the ambient temperature. They have
not been reported here for the sake of brevity.

4. The Link between the Operating Point in the
I-V Plane and the PV Cell Temperature
Distribution under Mismatching
Operating Conditions

A similar analysis has been carried out by artificially creating
a mismatching condition as shown in Figure 6. It is well
known that in PV systems, mismatching can be due to partial
shading, shadows of neighboring objects, dirtiness, bird
droppings, leaves, snow, clouds, different orientation angles
of modules of the PV field, soiling, manufacturing tolerances,
or ageing [1–6]. In particular, mismatching due to moving
clouds and also to other possible moving bodies is character-
ized by both relatively fast dynamics (short duration) and
also a relatively low degree of nonuniformity as concerns cell
operating conditions. Therefore, moving clouds very rarely
lead to dangerous hot spot phenomena. On the other hand,
dirtiness, bird droppings, leaves, snow, etc. are characterized
by both a relatively long duration (indeed they require
clean-up operations in order to be removed) and also a very
high degree of nonuniformity as concerns cell operating con-
ditions. Therefore, they nearly always lead to hot spot phe-
nomena. This is the main motivation why, in the following
experimental tests, mismatching conditions have been artifi-
cially induced by covering one or more cells. Firstly, a whole
cell of one of the two PVUs (PVU A) has been coated with an
adhesive plastic in order to partially shade such a cell. In this
way, two different irradiance levels S1 and S2 can be identi-
fied. S1 = 616W/m2 characterizes the unshaded cells, and
S2 = 145W/m2 characterizes the shaded cell. The I-V and
P-V characteristics of the two series-connected PVUs have
been obtained by means of the experimental set-up shown
in Figure 1(a). Such curves are shown in Figures 7 and 8.

The presence of the two PVUs allows the simultaneous
comparison, under the same weather conditions, of the tem-
perature distribution of the PVU in mismatching operating
conditions (one shaded cell) and of the identical PVU in
uniform operating conditions. Such a comparison is possible
by analysing Figures 9–12. Each of such figures shows the
thermographic image that has been obtained in a specific
operating point in the I-V plane by means of the experimen-
tal arrangement depicted in Figure 1(b). Of course, every
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Figure 3: I-V characteristic of the two series-connected PVUs. 26
September 2017, Aversa (CE), Italy. S = 600W/m2 and ambient
temperature Tamb = 25°C.
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Figure 4: P-V characteristic of the two series-connected PVUs and
average temperature of the two PVUs as a function of the operating
voltage. 26 September 2017, Aversa (CE), Italy. S = 600W/m2 and
ambient temperature Tamb = 25°C.
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thermographic image has been obtained after temporarily
removing the shading plastic. The chosen operating points
are the following ones: P1 (VPV = 11V), P2 (VPV = 16V,
MPP), P3 (VPV = 26V), and P4 (VPV = 34V). In particular,
P1 has been chosen as an example of an operating point
located in the high-current region where the shaded cell is
strongly reverse biased. P2 is located at the best operating

voltage from the MPPT point of view, but it is also character-
ized by a relatively high temperature of the shaded cell. P3 rep-
resents an example of an operating point which allows getting
a possible compromise between the extracted power and tem-
perature level of the shaded cell. P4 has been chosen as an
example of an operating point located in the high-voltage
region where the shaded cell is not reverse biased at all.

The analysis of Figures 9–12 allows drawing the following
considerations. First of all, in mismatching conditions, the
temperature distribution is far from being uniform. In partic-
ular, as it is well known, the PV cell region characterized by
the highest temperature TH is just the shaded one. Many
papers in the literature have put in evidence the above aspect
[2, 4, 31, 45]. Much less investigated instead is the strong role
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Figure 5: Thermographic image obtained when the two PVUs operate in the MPP. 26 September 2017, Aversa (CE), Italy. S = 600W/m2 and
ambient temperature Tamb = 25°C.
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Figure 6: PVUs in mismatching conditions. 26 September 2017,
Aversa (CE), Italy. S1 = 616W/m2 characterizes the unshaded cells,
and S2 = 145W/m2 characterizes the shaded cell; Tamb = 25°C.
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Figure 7: I-V characteristic of the two series-connected PVUs. 26
September 2017, Aversa (CE), Italy. S1 = 616W/m2 characterizes
the unshaded cells, and S2 = 145W/m2 characterizes the shaded
cell; Tamb = 25°C.
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Figure 8: P-V characteristic of the two series-connected PVUs:
average temperature of the shaded cell of the PVU A and average
temperature of the PVU B as a function of the operating
voltage. 26 September 2017, Aversa (CE), Italy. S1 = 616W/m2

characterizes the unshaded cells, and S2 = 145W/m2 characterizes
the shaded cell; Tamb = 25°C.
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played by the operating point in the P-V plane. In particular,
it is evident that, differently from the uniform case that has
been analysed in Section 3, in the presence of mismatching
the global MPP is characterized by potentially dangerous
temperatures. In the considered case for example, the tem-
perature TH in P2 is equal to 100°C.

In any case, it is possible to state that, in mismatching
conditions, if reliability considerations are taken in due con-
sideration, it may happen that the working in the MPP is to
be avoided (as in the case of Figures 9–12). As an example,
in the considered case, it is reasonable to operate in P4 if

any overheating is to be avoided, even if around 40% of the
available electric power is wasted. Instead, a compromise
(between maximization of the extracted power and minimi-
zation of localized heating phenomena) operating point is
represented for example by P3.

5. Detection of Mismatching
Operating Conditions

As discussed in Section 4, if mismatching conditions occur, it
is mandatory to properly choose the operating point since it
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Figure 9: Thermographic image obtained when the two PVUs operate in P1 (VPV = 11V). 26 September 2017, Aversa (CE), Italy. S1 =
616W/m2 characterizes the unshaded cells, and S2 = 145W/m2 characterizes the shaded cell; Tamb = 25°C.
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Figure 10: Thermographic image obtained when the two PVUs operate in P2 (VPV = 16V, MPP). 26 September 2017, Aversa (CE), Italy.
S1 = 616W/m2 characterizes the unshaded cells, and S2 = 145W/m2 characterizes the shaded cell; Tamb = 25°C.
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frequently happens that the global MPP is not the best oper-
ating point. Hence, it is crucial to develop robust techniques
able to provide accurate information on the eventual occur-
rence of mismatching conditions (mismatching detection).
Such techniques cannot do without the analysis of the shape
of the I-V and/or P-V characteristics. Many papers in the lit-
erature have been devoted to such an analysis (that is carried
out by analysing the shape of the I-V and/or P-V character-
istics for positive voltages). The analysis is nearly always
coupled with the adoption of irradiance and/or temperature
sensors [46–50]. The accuracy of the mismatching detection

is strongly related to the capillarity of the distribution of the
adopted sensors. It is worth noting that, for economic and
practical reasons, of course only a limited number of sensors
can be used in practical PV applications. Therefore, the pos-
sibility of mismatching detection errors is real. In this section,
it will be shown that the mismatching detection can be effi-
ciently supported by the analysis of the shape of the I-V
and/or P-V characteristics that has to be carried out not only
for positive but also for negative voltages. In other words, the
probability of mismatching detection errors cannot be
strongly decreased unless the shape of the I-V and/or P-V
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Figure 11: Thermographic image obtained when the two PVUs operate in P3 (VPV = 26V). 26 September 2017, Aversa (CE), Italy.
S1 = 616W/m2 characterizes the unshaded cells, and S2 = 145W/m2 characterizes the shaded cell; Tamb = 25°C.
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Figure 12: Thermographic image obtained when the two PVUs operate in P4 (VPV = 34V). 26 September 2017, Aversa (CE), Italy.
S1 = 616W/m2 characterizes the unshaded cells, and S2 = 145W/m2 characterizes the shaded cell; Tamb = 25°C.

7International Journal of Photoenergy



characteristics for negative voltages is properly taken into
account. The following results have been obtained by
adopting the experimental set-up of Figure 1(a) but with
three instead of two PVUs, as shown in Figure 13. In par-
ticular, a growing number of cells have been coated with
an adhesive plastic in order to partially shade them. In this
way, two different irradiance levels S1 and S2 have been
identified. S1 = 775W/m2 characterizes the unshaded cells,
and S2 = 180W/m2 characterizes the shaded cells. The cor-
responding I-V and P-V characteristics are shown in
Figures 14 and 15.

From Figures 14 and 15, it is evident that the knee point
in the I-V plane progressively moves towards the second
quadrant as long as the number of shaded cells increases. In
the cases of 1 and 2 shaded cells, two maxima appear in the
P-V curve, while in the remaining cases only one MPP is

present. In particular, the global MPP is located at low volt-
ages for the P-V curves corresponding to 0, 1, and 2 shaded
cells and at high voltages for the remaining cases. An impor-
tant aspect to underline is that, the mere analysis of the I-V
and/or of the P-V characteristics for positive voltages only,
does not allow mismatching detection in the case where the
number of shaded cells is greater than 2. Hence, in such cases,
it is necessary to extend the analysis by including also the sec-
ond quadrant of the I-V plane (negative voltages). In order to
get the sweep of the characteristics not only for positive but
also for negative voltages, it has been necessary to adopt the
experimental set-up that is schematically shown in Figure 16.

It has been necessary to employ the battery pack (VLIM)
because the adopted IV Tracker (HT Instruments I-V400w)
is able to trace I-V and P-V characteristics only for positive
voltages [40]. In practice, the following equality holds:

VPV =V IV‐T −VLIM, 1

Figure 13: Three series-connected PVUs equipped with the IV
Tracker. 27 September 2017, Aversa (CE), Italy. S1 = 775W/m2

characterizes the unshaded cells, and S2 = 180W/m2 characterizes
the shaded cells; Tamb = 26°C.
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Figure 14: I-V characteristics of the three series-connected PVUs
with a growing number of shaded cells. 27 September 2017, Aversa
(CE), Italy. S1 = 775W/m2 characterizes the unshaded cells, and
S2 = 180W/m2 characterizes the shaded cells; Tamb = 26°C.
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where VLIM ≈ 106V. Hence, it is possible to keep the output
voltage V IV−T of the IV Tracker for positive values (in fact
it is able to trace the I-V and P-V characteristics only from
0V up to a maximum of 1000V [40]) while allowing VPV
to assume negative values. In particular, the minimum
allowed negative value that can be assumed by VPV is equal
to −VLIM.

Figures 17 and 18, respectively, represent the full versions
(for both positive and negative voltages) of the I-V and the
P-V characteristics of Figures 14 and 15.

The analysis of Figures 14, 15, 17, and 18 clearly
reveals that the inclusion of negative voltages allows the
mismatching detection (based on the detection of knees
or on the analysis of the shape of the characteristics) also
for the cases corresponding to a number of shaded cells
that are greater than 2.

Obviously, the mismatching detection based on the anal-
ysis of the shape of the characteristics also for negative volt-
ages is affected by the following limitations. Bringing cell
operating points in the second quadrant (negative voltages)
may cause their breakdown [51]. Therefore, in order to avoid
permanent damages to the cells, the value of VLIM must be
limited on the basis of the physical characteristics of the
adopted cells. However, it is worth noting that, obviously,
the analysis in the second quadrant is possible only for
VPV ≥ −VLIM. Hence, should the knees be located at voltages
VPV ≪−VLIM mismatching detection can be carried out with
the help of a number of irradiance sensors.

Moreover, the mismatching detection based on the mon-
itoring of the I-V module characteristic also for negative
voltages, unavoidably leads to the necessity of the substitu-
tion of the usual bypass diodes with suitable “smart” bypass
diodes to be implemented with active switches. The use
of “smart” bypass diodes has multiple functions. In fact,
“smart” bypass diodes allow not only the characterization
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Figure 17: Full version (for both positive and negative voltages) of
the I-V characteristics of the three series-connected PVUs with a
growing number of shaded cells. 27 September 2017, Aversa (CE),
Italy. S1 = 775W/m2 characterizes the unshaded cells, and S2 = 180
W/m2 characterizes the shaded cells; Tamb = 26°C.
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Figure 18: Full version (for both positive and negative voltages) of
the P-V characteristics of the three series-connected PVUs with a
growing number of shaded cells. 27 September 2017, Aversa (CE),
Italy. S1 = 775W/m2 characterizes the unshaded cells, and S2 = 180
W/m2 characterizes the shaded cells; Tamb = 26°C.
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the I-V characteristics of the three series-connected PVUs with
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of PV modules for negative voltages (“smart” bypass diode
off) but also the possibility of controlling the value of the
voltage in correspondence to which the “smart” bypass
diode must be turned on. Such a function can be beneficial
in terms of controlling the severity of reverse bias voltage
values on the shaded cells, and therefore in terms of
controlling losses (and hence of temperatures). The control
of the above losses means the control of the associated
increase of the cell temperature that can reach, in extreme
cases, 500°C [13, 52, 53].

Furthermore, it is worth noting that, of course, the volt-
age sweeps of the characteristics of the PV modules not only
for positive but also for negative voltages must be as fast as
possible (depending on the value assumed by the cell’s capac-
itance). The repetition frequency of the sweep must be cus-
tomized on the basis of the considered application. As an
example, if it is known that surrounding objects may project
a shadow during a given interval of time of the day, the sweep
could be carried out much more frequently just during such
an interval of time. Of course, the adopted frequency must
be a compromise between contrasting requirements. The
higher the repetition frequency, the higher the robustness
of the diagnostic. Nevertheless, at the same time, the higher
the repetition frequency, the higher the energy losses due to
the lack of production during sweep operations.

It is worth noting that Figures 14, 15, 17, and 18 refer
to a scenario in which only two different irradiance levels
S1 and S2 can be identified. S1 = 775W/m2 characterizes
the unshaded cells, and S2 = 180W/m2 characterizes the
shaded cells. Further tests have been carried out by using
the experimental set-up of Figure 16 but with three different

irradiance levels S1 = 841W/m2, S2 = 198W/m2, and S3 =
330W/m2, obtained with different types of coating plastics.
The corresponding I-V and P-V characteristics, obtained
both for positive and negative voltages, are shown in
Figures 19 and 20. In such figures, N1 indicates the number
of cells characterized by an irradiance level S1,N2 the number
of cells characterized by an irradiance level S2, and N3 the
number of cells characterized by an irradiance level S3.
Also in this scenario, it is evident that in some cases the
mismatching detection based on the analysis of the shape
of the I-V and/or P-V characteristics is possible only by
including negative voltages.

The above considerations can be profitably exploited as
explained in the sequel. In particular, in Figure 21, a flow
chart example of an algorithm aimed at identifying a proper
operating point that allows getting a suitable compromise
between the maximization of extracted power and minimiza-
tion of thermal stresses is reported. In such a figure, the main
steps that should be followed are evidenced. First of all, the
algorithm should perform the acquisition of the I-V and/or
P-V characteristics of PV modules for both positive and neg-
ative voltages. On the basis of such curves (and, if necessary,
with the help of additional irradiance and/or temperature
sensors) the mismatching detection can be carried out.
Hence, if mismatching conditions are not present, a classical
MPPT algorithm can be carried out. If, instead, mismatching
conditions are detected it means that, depending on the con-
sidered case, the MPP could be an unsafe operating point
from the thermal stresses’ point of view. In such a case, the
tracking of a compromise safe operating point different from
the MPP must be carried out.

Begin algorithm

Mismatching detection

Mismatching
operating

conditions?

No

Yes

Is the MPP
unsafe?Yes

Compromise
safe operating
point tracking

Acquisition of I-V and/or P-V characteristics
for both positive and negative voltages

Wait

End algorithm

Maximum
power point

tracking

No

Maximum
power point

tracking

Figure 21: Flow chart example of an algorithm aimed at identifying a proper operating point allowing a suitable compromise between
maximization of extracted power and minimization of thermal stresses.
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The detailed design of a solution for the identification of
the optimal compromise safe operating point is beyond the
objectives of this paper. Further work is in progress on such
an aspect. In particular, the identification algorithm that
has been proposed in [31] can be considered as a first attempt
of identification of a compromise safe operating point. In
fact, in [31], with specific reference to the series parallel PV
array architecture, it is shown that, by means of the reconfig-
uration of the PV module connections and with the help of a
proper objective function, it is possible to identify, in any
operating condition, both the optimal array configuration
and the associated optimal operating point that are able to
lead to the maximization of the extracted energy during the
whole PV array lifetime.

6. Conclusions

Since the adoption of bypass diodes or smart active switches
does not prevent the occurrence of hotspots in PV applica-
tions, it is necessary to investigate alternative possibilities. A
promising solution is represented by the proper regulation
of the operating point of the PV cells in the I-V plane when
mismatching conditions occur. In this paper, the existence of
operating points allowing a suitable compromise between the
maximization of the extracted power and minimization of
thermal stresses has been experimentally evidenced. The
main conclusion that can be drawn is that, during the life
of a PV system, it is certainly preferable to give up a part of
the available energy if it is possible to gain greater energy in
the future. Therefore, situations exist in which MPPT is to
be avoided, especially when it is obtained at the price of too
high and dangerous thermal stresses that will certainly lead
to the accelerated derating of the PV array due to accelerated
aging or, in extreme cases, to its premature failure. Of course,
the proper regulation of the operating point is strictly related
to the robust detection of the occurrence of mismatching
conditions. Therefore, another crucial aspect that has been
evidenced, in this paper, is represented by the fact that the
mismatching detection based on the analysis of the shape of
the I-V and/or P-V curves is effective only if the sweep of
the characteristics is carried out both for positive and nega-
tive voltages. The authors feel that the best strategy in order
to avoid or limit the occurrence of hotspots and of their asso-
ciated drawbacks is represented by the combined use of a
careful regulation of the operating point (which does not
always mean MPPT) coupled with the adoption of PV cells
with low reverse-breakdown voltages able to intrinsically
limit the power dissipated during hot spots.
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