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Abstract: Partial shading conditions (PSCs) can significantly reduce the output energy produced
by photovoltaic (PV) systems. Moreover, when such conditions occur, conventional and advanced
maximum power point tracking (MPPT) systems fail to operate the PV system at its peak because
the bypassing diodes may cause the PV system to become trapped at a low power point when they
are in conduction mode. The PV system can be operated at the global maximum power point (MPP)
with the help of global peak searching tools. However, the frequent use of these tools will reduce
the output of PV systems since they force the PV system to operate outside its power region while
scanning the I-V curve in order to determine the global MPP. Thus, the global peak searching tools
should be deployed only when a PSC occurs. In this paper, a simple and accurate method is proposed
for detecting PSCs by means of monitoring the sign of voltage changes (positive or negative). The
method predicts a PSC if the sign of successive voltage changes is the same for a certain number
of successive changes. The proposed method was tested on two types of PV array configurations
(series and series—parallel) with several shading patterns emulated on-site. The proposed method
correctly and timely identified all emulated shading patterns. It can be used to trigger the global
MPP searching techniques for improving the PV system’s output under PSCs; furthermore, it can be
used to notify the PV system’s operator of the occurrence of PSCs.

Keywords: partial shading; partial shading detection method; global MPPT; object shading;
cloud shading

1. Introduction

The performance of solar photovoltaic (PV) systems is impacted by several parameters,
such as solar irradiation, ambient temperature, PV cell temperature, airflow, dust, partial
shading conditions (PSCs), and clouding. PSCs are considered to be the main cause of
a PV system’s lifespan and output power reduction [1]. In addition, PSCs are one of
the major factors contributing to power mismatches within PV modules or arrays [2].
Furthermore, when PSCs occur, the sun’s irradiation is unevenly distributed on the PV
array, which results in conventional maximum power point tracking (MPPT) systems, such
as constant voltage technique (CVT) [3], open circuit voltage technique (OVT) [4], short
circuit technique (SCT) [5], perturb and observe (P&O) [6-10], and incremental conductance
(IC) [11-13], not achieving their maximum power [1]. In recent years, many research
studies have proposed advanced intelligent MPPT methods to improve conventional MPPT
systems. Such methods include fuzzy logic (FL) [14-16], neural networks [17,18], support
vector machines (SVMs) [19,20], particle swarm optimization [21,22], firefly algorithm
(FA) [23], grey wolf optimization (GWO) [24], and simulated annealing (SA) [25]. Intelligent
MPPT methods proved to be faster, more efficient, and more stable [26]. However, these
methods are difficult to implement since they are complex [26] and carry a heavy calculation
burden [27]. Aside from these drawbacks, intelligent MPPT methods are unable to ensure
global maximum power point (MPP) operations under all PSCs. Therefore, to determine
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the global MPP under PSCs, both conventional and intelligent MPPT methods must
be equipped with a searching mechanism, such as an I-V curve tracer: resistance [28],
electronics [29,30], and capacitance [31,32], or a soft I-V curve sweeper, such as ant colony
optimization [33], differential evolution (DE) [34], cuckoo search [35], chaotic search [36],
Jaya-DE [37], and artificial bee colony [24]. As a result of this modification, the power of
the PV system will be reduced if this searching technique is not correctly matched with the
occurrence of PSCs. Therefore, it is crucial to have PSC detection methods that accurately
determine when PSCs occur. The wrong decision unnecessarily initiates searching the
global MPP.

Therefore, the necessity of developing a new PSC detection (PSD) method without
sacrificing the PV maximum output power is obvious.

Some PSD methods were proposed in [38—43]. The methodology of PSD relies on
monitoring the rate of change between successive measurements of PV module/array
output parameters, such as I, Vpp, and Ppy. According to [38-43], when the rate of change
in P, I, or V is compared with threshold values, it may be possible to detect the occurrence
of PSCs. For example, ref. [41,42] considered 10-20% of Py;pp and 5% of the nominal power,
respectively, to detect PSCs. For the same rate change, ref. [43] set the threshold at 15%.
In other publications [38-40,44], the authors pointed out the need to normalize the rate
change in the output parameters of the solar array in order to prevent falsely detecting
PSCs even at extremely low solar irradiance levels. For instance, according to [38], to detect
PSCs, the power rate change should be normalized to the voltage rate change as described
in Equation (1). This ratio, however, does not make sense in every PSC scenario, especially
when the area of the shaded panels exceeds that of the unshaded ones by a very large
margin. Thus, to capture the various PSC scenarios, ref. [38] further enhances the PSD
proposal with two additional criteria, which are given in Equations (3) and (4); these are
the thresholds suggested by simulations of several PSC scenarios.

PSI = m VMPP_army (1)
|PSI| > 0.001 )
AV,
o MPPara | 0,02 3)
VMPP_yay

> 0.02 4
VMPP—module ( )

’ AVMPP module

Interestingly, ref. [40,44] provided another suggestion, stating that comparing the real
power and the obtained maximum power per Equation (5) with a predetermined threshold
value is sufficient for detecting PSCs. According to them, if the PSC is greater than 0.1, it
is considered to take place. Similarly, ref. [45] used the same concept as [40] but with a
smaller threshold (0.05).

Piy — Pyipp

AP =
Prpp

©)

Although the PSD methods in the early references appear to be straightforward, they
are not accurate and could be misled by changes in solar irradiance due to a slow movement
of clouds or a change in load that could be caused by the PSC patterns [46,47]. In addition,
there is no proof that the threshold values are effective [48]. Hence, ref. [39] avoided
these disadvantages by using more computational methods. It was stated by the author
that a PSC is confirmed once the two conditions listed in Equations (6) and (7) are met
simultaneously.

Vipp < 0.9 Vmpp nominal (6)

GLPP > Gnominal (7)
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A method was proposed in [49] that does not use any sensors to determine the PSC;
instead, it is entirely based on reading the operating MPP. The method uses statistical
techniques, such as principal component analysis (PCA) and linear discriminant analysis
(LDA), to obtain the PSC classification threshold coefficient. Techniques such as these can,
for example, easily separate data with different levels of health status. The author used
the I-V curve tracing device to collect the necessary voltage, current, and power data for
the shadowed and uncovered PV panels. This information is then utilized to train PCA
and LDA tools to obtain the PSC signatures and features, such as classification coefficients.
These coefficients are later used to determine whether the PV system is being shaded or
not. Despite the author’s claims that the method is 100% accurate, the method has been
tested on only one PV panel. Additionally, it is unlikely to be feasible for a large PV array
since it becomes cumbersome and time-consuming.

In [50], an accurate method for detecting PSCs is proposed. In this method, a voltage
sensor is positioned on the terminals of each PV module. When the panel voltage drops by
more than 1V, a PSC is alerted. The author of [51] employed the concept of [50] but with
only one voltage sensor. The author used an automatic switching matrix and a controller
to measure the voltage across each PV panel. Figure 1 illustrates the block diagram of the
proposed method. These methods, however, are incredibly expensive and are not practical
for large array sizes.

~ Load

PV PV

Module Module

| PV
Module

Switch
Matrix

Controller < J

Figure 1. Block diagram for the proposed shading detection system mentioned in [51].

In this paper, a method is proposed for detecting PSCs by monitoring consecutive
voltage changes in PV arrays. The primary objective of this method is to detect all possible
array configurations of PV arrays (series and series—parallel) correctly. Various simulation
cases will be tested to check the effectiveness of the developed method in alerting partial
shading. In addition, to assess the effectiveness of the new method, the performance of the
proposed method is compared with that of other detection methods. This paper’s major
contributions are as follows:

e  The paper presents a simple and accurate method for detecting all types of PSCs;
e  The proposed method achieves excellent detection performance under different PSCs
across two different PV array configurations (series and parallel).

The paper is organized as follows. Section 2 presents the proposed PSC detection
method. In Section 3, the experimental setup and procedure are outlined. The simulation
results, as well as the experimental results, are discussed and illustrated in Section 4. The
conclusion is given in Section 5.
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2. Proposed PSD Method

The PV arrays alter their output voltage with changes in their output current, which
depends heavily on the amount of received sunlight. Based on Figure 2, we can see
that as the array current decreases, the PV array’s voltage increases in the power region.
Depending on the type of PSC, the array current may decrease or increase under PSCs.
Some types of PSCs, such as object shading and row-to-row shading, will completely block
the sun’s radiation, which eventually leads to conduction in the bypassing diodes, causing
a sudden drop in the array voltage. On the other hand, some PSC types (e.g., clouds) lead
to a reduction in the amount of incident sunlight on the PV panels. This reduction, in turn,
causes a drop in output current, which leads to an increase in array voltage. Therefore, we
conclude that changes in the array voltage can be a sign of any type of PSC.

‘qc': Power
‘% Region
(]
Voltage, V

Figure 2. The current-voltage (I-V) characteristics of a typical PV panel/array operating under
normal conditions.

In light of the above observation, the proposed PSD method monitors the consecutive
voltage changes across the PV array. Figure 3 illustrates the proposed method with a
flowchart. The method calculates the change from the last voltage to the next voltage and
counts the number of times a change is consecutively positive or negative. Whenever the
sign of successive voltage changes is the same for longer than a specified number (the
threshold value) of consecutive changes, the proposed method declares a PSC occurrence.
The number of successive changes is determined once and offline by partially shading one
PV cell of the panel. While partial shading is applied, the number of successive changes
is determined by counting how many times the voltage drops until it becomes stable. In
contrast, if the sign of the change in voltage repeatedly alters from positive to negative, then
the proposed method does not flag a PSC. To increase the immunity to voltage fluctuations,
changes in voltage of less than 0.5 V (0.45% of Vjpp) are not taken into account, since
they can result from changes in load, fluctuations in irradiance or temperature, or fault
transients on the grid.
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Figure 3. The flowchart of the proposed method.

3. Experimental Set-Up and Procedure
3.1. Experimental Set-Up

To test the effectiveness of the proposed method, simulations of PSCs were physically
conducted on two different PV array configurations: series and series—parallel. The MPP
voltage for the series and series—parallel PV arrays were 576 V and 109.4 V, respectively.
A series PV array consisted of 15 PV panels connected in series. A series—parallel PV
system was a 2 X 6 array consisting of two PV modules connected in series, with six strings
arranged in parallel. The specifications under standard test conditions (STCs) of a solar
irradiation of 1000 W/m?, an air mass of 1.5, and a cell temperature of 25 °C of the PV
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modules used in a series PV array and in a series—parallel PV array are provided in Table 1.
A Fluke 435 Power Quality Meter was connected to the PV array output terminals for
measuring the voltage during the PSC simulations. The experimental setup of both PV

array configurations is shown in Figure 4.

Table 1. System parameters.

Parameter Series Array Series—Parallel Array
Manufacturer ZNShine Solar BenQ Solar
Module ZXH6-LD72 PM096B00
Vmpr 384V 54.7V
Inpp 891 A 6.09 A
Pypp 345 W 333 W
Voc 469V 649V
Isc 942 A 6.58 A
Number of PV Cells 72 96
Bypassing Diodes 3 3

; ;

15PV Panels | Fluke 435 PV Inverter 6 Strings
r === Fluke 435 PV Inverter

-’ ’

(@) (b)

Figure 4. Experimental set-up of (a) a series PV array and (b) a series—parallel PV array.

3.2. Experimental Procedure

A variety of shading scenarios were simulated to achieve the minimum shading
possible in the PV arrays, from shading one PV cell to shading an entire PV panel. Two
patterns of PSCs were simulated, namely object shading and cloud shading. Blinding
material was used to emulate object shading (see Figure 5b), and tinting material was used
to emulate cloud shading (see Figure 5a). During the simulations, the voltage of the PV
array was measured every 0.25 s and recorded using the Fluke 435 Power Quality Meter.
During the experiment, the sky was clear, the solar light intensity was 350-750 W/m?, and

the ambient temperature was around 35 °C.
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Figure 5. Example for simulation of (a) cloud shading by using a window tinting film. (b) Object
shading simulation by using a carton sheet.

4. Simulation Cases and Discussion

The figures in this section depict the voltage waveform of the PV array in blue and the
output of the proposed PSD method in red. The PSD signal output is either one (meaning
a PSC has been detected) or zero (no PSC is present).

4.1. Case I: Object Shading

In this study case, both PV array configurations were subjected to object shading in
order to observe the impact of this kind of shading on the voltage of the PV arrays. It is
evident from Figures 5 and 6 that this kind of shading had similar impacts on both PV
arrays, with the voltage falling suddenly and dramatically.
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100 n[\ '\‘ | W | “h ) | 1) |
mal ‘|UI }M H ||I |||W \Iﬂ L\. ih |||Jrj||h" I?\ ||le l\l‘\ ﬂ.vj Hlﬂlr’\ H“\M\ ‘H
'>-" 98 | |J \ ! WH"\ Object Shading in PV l \ | \||Iu 08
— 1 || : || cells ;i::;s: One ‘|‘| |H V,VI |f E
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S 96 o | 06 2
9 - il | 2
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Figure 6. Series—parallel PV array voltage waveforms and PSD signals during the object shading simulation.

For the purpose of testing the proposed method for detecting only object shading,
the threshold value of the cloud shading was set very high, while the threshold value for
object shading detection was set at 6 (this value was obtained by the method described in
Section 3). Accordingly, the proposed method considered only negative changes in voltage
and ignored the positive changes, as shown in Figures 6 and 7.

To evaluate the effectiveness of the proposed PSC detection method, its performance
was compared with that of the method in [40,44], which used the ratio of the normalized
change in power. Figures 5 and 6 demonstrate the performance of the two methods. The
results revealed that the proposed method detected all simulated object shading patterns
effectively and accurately in both PV array configurations. In contrast, the other method
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detected only the shading patterns that cause a high/sudden voltage drop. Moreover,
because of the very small change in power, it cannot detect the shading patterns in which a
slow drop in voltage occurs. In light of these results, it can be stated that the performance
of the proposed method is better and more effective than that of the detection method

based on the normalized change in power.
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Figure 7. Series PV array voltage waveforms and PSD signals during the object shading simulation.

4.2. Case 1I: Cloud Shading

The simulation of this case exposed the PV arrays to different percentages of cloud
shading. In Figure 7, it can be seen that multiple spikes of voltage occurred. This is due to
the fact that, during the simulation, the branch that contained the shaded PV panel had an
unstable voltage, which caused significant voltage fluctuations with noticeable spikes.

Figure 8 demonstrates that, unlike the series—parallel PV array, the series PV array
showed an increase in voltage during the simulation. This is due to the shaded PV panels
bottlenecking the entire array current during the shading period, thereby causing the array
voltage to increase.
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Figure 8. Series—parallel PV array voltage waveforms and PSD signals during the cloud shading simulation.

As part of the testing of the proposed method for identifying cloud shading, the
threshold value for detecting cloud shading was set at 6, and the threshold value for
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PV array voltage (V)

detecting object shading was set at a very high value. Thus, in Figures 8 and 9, it can
be seen that the proposed method was looking only at positive changes in voltage while

ignoring the negative changes.
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Figure 9. Series PV array voltage waveforms and PSD signals during the cloud shading simulation.

PSD Signal

The red line of the proposed PSD output signal, depicted in Figures 8 and 9, shows
that the method was successful in detecting this type of shading promptly and precisely
in both PV array configurations. On the other hand, the detection method in [40,44] was
not able to detect cloud shading in both PV array configurations for the same reason as

mentioned in Section 4.1.

5. Conclusions

Photovoltaic (PV) systems produce less energy under partial shading conditions
(PSCs). As a result, when such a condition occurs, conventional and advanced maximum
power point tracking (MPPT) systems are unable to operate the PV system at its peak
since the conduction of bypassing diodes causes the PV system to be trapped at a low
power point. With the aid of global peak searching tools, a PV system can be operated at
the global maximum power point (MPP). Using these tools, however, will often reduce
the output of PV systems since they cause the system to work outside its power region
in order to scan the I-V curve to determine the global MPP. Thus, global peak searching
should be implemented only when there is a PSC event. In this paper, a simple and
accurate method was presented for detecting PSCs by monitoring the sign of the voltage
change. This method predicts the occurrence of a PSC when the sign of the successive
voltage changes remains the same for a specified number of times. Several object and cloud
shading patterns were emulated on-site on two types of PV array configurations (series and
series—parallel) to test the effectiveness of the proposed method. According to the results,
the proposed method accurately identified all emulated shading patterns. In addition, its
performance was found to be superior to that of a detection method based on monitoring
the normalized change in power. Finally, it can be said that utilizing the proposed method
in conjunction with global peak searching tools will improve the PV system’s output under

PSCs.
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Abbreviations

The following abbreviations are used in this manuscript:

SSTDR  Spread Spectrum Time Domain Reflectometry

PCA Principle component analysis
FLC Fuzzy logic controllers

LDA Linear discrimination analysis
P&O Perturb and observe

PV Photovoltaic

MPP Maximum Power Point

MPPT  Maximum Power Point Tracking
PSD Partial Shading Detection

PSI Partial Shading Index

GMPP  Global Maximum Power Point
LPP Leftmost power peak

Grpp Conductance at LPP

Vmpep Voltage at MPP

Impp Current at MPP

Voc Voltage at Open Circuit
Isc Current at Short Circuit
Pypp Voltage at Open Circuit
p;, Real Power
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