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Abstract: In this paper, a neighboring-pixel-based virtual imaging (NPBVI) technique is developed
to comprehensively detect the shading conditions on PV arrays. The proposed VI technique is then
merged with a probabilistic mechanism of shaded module currents. Finally, a mathematical model
is presented, which predicts the current voltage (I-V) region corresponding to the global maximum
(GM) of the shaded PV array. The effectiveness of the proposed NPBVI MPPT is validated through
numerous experiments that were carried out using a hardware prototype with a 150 W power rating.
For the experiments, a PV array consisting of 3 x 2 (N, x N;s) 20 W PV modules was utilized. The
experiments showcase agreement that the proposed method successfully identified the GM region of
a partially shaded PV array.

Keywords: MPPT; virtual Imaging techniques; image processing; photovoltaic systems; partial shading

1. Introduction

Photovoltaic energy systems are some of the cleanest sources of energy among all
renewable energy sources, as they are non-contaminating and have low maintenance
costs [1-3]. The PV modules are usually connected in series/parallel connection to form
a PV array that can fulfill the requirements of a reasonable domestic load. The current—
voltage (I-V) and power-voltage (P-V) characteristics of a PV array are discrete under
homogeneous irradiation conditions and, hence, demonstrate a distinguishable maximum
power point (MPP) [4,5].

It is the instinctive but inescapable phenomenon of partial shade under which PV
arrays demonstrate numerous local maxima (LM) points as shown in Figure 1. The I-V
P-V characteristics of a PV system are nonlinear with respect to the solar irradiance, load
impedance and temperature of a PV cell [6].

Several MPPT algorithms and hardware techniques have been proposed in the lit-
erature for tracking the maximum power from a PV system under partial shade [7-10].
Traditional techniques for tracking the MPP of a PV array either strive for oscillations
around the MPP (the hill climbing method) or involve techniques that are very compu-
tationally intricate (artificial-intelligence-based techniques). Moreover, these techniques
demand complete scanning of I-V/P-V curves in order to achieve the MPP [11].
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Figure 1. Characteristic curve of an arbitrary PV array under partial shade conditions.

The trend of employing the virtual imaging technique (VIT) for MPPT has soared in
the recent past. Due to the major benefit of a non-intrusive electronic interface circuit, the
VIT has attracted many researchers to work in this field. In [12], the dust accumulation on a
PV array was detected for a PV-array-cleaning robot. In [13], thermal imaging was adopted
to detect micro cracks in PV cells. The application of VI is not only limited to condition or
performance monitoring of PV arrays but is also used in MPPT as well.

For example, in [14], the authors used the concept of thermography to detect partially
shaded modules in a PV array. This method detects partial shading through the differential
temperature between a healthy and an unhealthy module of the PV array. It does not
require scanning the I-V/P-V curves but instead takes into account the phenomenon of
temperature in spite of the irradiance that is directly affecting the current.

Moreover, this technique [14] becomes limited if partial shading occurs on more than
one module of a PV array at a time. In [15], a similar technique was proposed, based on
the analysis of a single cell of a PV panel. In [16], the maximum power point tracking of a
PV array is performed by shadow detection using a video camera and subsequent canny
edge detection and image morphology based processing. Based on this, the algorithm
reconfigures a PV array to mitigate the partial shading effects [16].

This technique is unable to distinguish between light shade and dark shade. The
nature of shade impacts the current produced by the module. Thus, the information about
the intensity of shading is significant for the precise operation of the MPP tracker. In [17],
the partial shading of a PV module was detected using an optical camera. In [18], an aerial
drone was used to visualize the condition of a large PV field. However, this may not be
feasible for small PV applications. Infrared imaging was used to detect aging in [19,20].
This work, although not related to the MPPT, provides a useful insight about the use of
cameras for PV systems.

Our paper presents a method to detect the global maxima (GM) of partially shaded
PV array using a virtual imaging technique. The proposed technique to acquire images of a
PV array uses a simple optical camera and is able to distinguish between light and dark
shade conditions. Unlike existing techniques, the proposed technique is independent of
the factor of temperature, which is affected by the natural phenomenon of partial shading.
However, temperature is a time-dependent phenomenon, and thus it might introduce a
delay in the processing of an MPP tracker.

Once the proposed technique discovers the partially shaded module in the PV ar-
ray, this visual information is further transformed into I-V parametric equations that are
solved in order to find the maximum power point region under that particular shading
scenario. Furthermore, the proposed method is mathematically less complex due to the
fewer mathematical operations that are involved.

The rest of the paper is as follows. Section 2 describes the workflow for virtual imaging.
This section also includes the image formulation model based on existing techniques and
the proposed neighboring-pixel-based algorithm. Section 3 details the validation of the
proposed NPBVI MPPT. The sizing of the PV array and the design parameters of the DC-DC
converter are also explained in Section 3. The paper concludes with Section 4.
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2. Proposed MPPT
2.1. The Image Formation Model

Images are usually denoted in two dimensions of the form f(x,y), which is a positive
scalar quantity. The physical value of this function is determined by the source of the image.
An image is generated in a way that the image intensity value is proportional to the energy
radiated by a physical source [21]. Consequently, the mathematical form of image f(x,y)
has a non-zero finite value as expressed in Equation (1)

0< f(x,y) <o 1)

The function expressed in (1) is signaled by two components: (1) the light that is
incident on the object being viewed, known as the illumination; and (2) the illumination
reflected by the object, known as the reflectance. The illumination (i(x,y)) and reflectance
(r(x,y)) can mathematically be described as (2)

flxy) =i(x,y)r(xy)
Where,
0<i(x,y) <oco )
and
0<r(xy <1

The nature of i(x, y) is determined by the illumination source, which is the sun in the
case of PV and MPPT, and that of 7(x, y) is determined by the characteristics of the object,
which is the PV module in this manuscript. The image is then converted into digital form
using sampling and quantization so that the function f(x,y) is sampled in terms of the
coordinates and amplitude. The process of digitizing the coordinate values of the function
is termed as sampling, while digitizing the amplitude value is known as quantization.

2.2. Existing Image Processing Techniques

In this proposed work, the shade on a PV panel is detected using the built-in libraries
of MATLAB [22]. In this regard, several image processing techniques, e.g., Canny/Sobel
Edge detection, image morphology (dilation, erosion), and black & white images were
tested as shown in Figure 2. During the validation process, we noticed that, in all these
MATLAB imaging techniques, useful shadow information was either lost or over-written.
Moreover, these techniques were not capable of differentiating between a partially shaded
and a fully shaded PV module. It is also well established that the pattern of shade directly
impacts the output power of the PV module [8,23-25].

Figure 2. Cont.
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Figure 2. Image processing techniques in MALTAB libraries. (a) Canny Edge detection. (b) Mor-
phed image. (c) Dilated image. (d) Black&White image.

2.3. Proposed Neighboring Pixel Algorithm (NPA)

To rectify the inherent issues of MATLAB-based libraries, a new algorithm, known as
neighboring pixel algorithm (NPA), was devised as shown in Figure 3. The functional blocks
of this flowchart are explained in the subsequent subsections. In this regard, Section 2.4
explains the image processing, whereas Section 2.5 explains the rest of the algorithm up to
the GMPPT.

Capture images

1
Image
processing

Conversionin |
and V

Determine the
voltage region

Apply P&O

If new image =
last image

Figure 3. Flowchart of the proposed method.

In the proposed algorithm, images are continuously captured through an optical
camera and are subsequently processed in MATLAB to detect the occurrence and nature
of shade on PV panels. The proposed algorithm classifies a given PV image in terms of
unshaded, lightly shaded and dark-shaded PV arrays. For this, the irradiation limit for
shade classification is set as follows

. Unshaded PV module | 1000 %
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*  Lightly shaded PV module | 500 %%5.
e Dark shaded PV module = 100 %

These values of irradiance are manipulated in a PV array simulator to study the
characteristics of PV arrays under a maximum number of possible shading scenarios. Thus,
the shading patterns on a PV array are categorized as horizontal, vertical and diagonal.
This classification method enables the proposed NPA to cover the maximum possibilities
of shading combinations that can occur on a PV array.

2.4. Image Processing Workflow

The image processing workflow is shown in Figure 4. Here, an image I(x,y) represents
the brightness or intensity of an image at pixel (x,y). The intensity value of an image ranges
from [0-255], where typically 0 is considered black and 255 represent white. This implies
that, to operate the shadow detection algorithm, the x-y values of each module is essential
to classify the nature of the shadow. For this purpose, the imshow MATLAB command is
utilized to read the image. Subsequent to this, the coordinates are determined by clicking
the corner points of each module photo.

Note that the white crossings, which are actually tabbing ribbons, on the PV modules
do not pose a problem in shadow detection as they have been found to cause a negligible
effect on the accuracy of the proposed partial shading detection approach. The image is
further processed by adjusting the saturation using the imadjust MATLAB command. Since
the analysis is performed on a saturated grayscale image of each module, the percentage
of pixels is determined at the module level. Moreover, the effect of image noise or camera
reflection is also compensated for using the neighboring pixel concept.

This algorithm does a cross check to verify the imaging results because, due to bad
image quality or faults in the captured image, some area in the image can be considered as
partially shaded while they are actually unshaded. To take this fact into account, the pro-
posed algorithm only considers those pixels as light/partially shaded, dark shaded or
unshaded when the intensity of the neighboring pixels is within the same range, otherwise
the image is considered as noise and is therefore ignored.

In this way, on the basis of the ratio of the number of pixels of partially shaded, fully
shaded or unshaded pixels to the total number of pixels, modules are segregated as partially
shaded, fully shaded or unshaded. These intensity ranges are assigned to the algorithm by
pixel level intensity analysis in MATLAB, which shows the intensity value of each pixel in
a particular area of image. Next, an equivalent pattern of a particular shading scenario is
drawn to perform further mathematical analysis for determination of the GMPP region.
The mathematical model of the proposed neighboring pixel algorithm is provided as (3)

V = imread()
I = rgb2gray(V) ®3)
I = adjust(1,{0.2 0.37],])

For detection of a fully shaded module:

D(i,j) =0
D(i—5,j)=0 4)
D(i+5,j)=0
For detection of a partially shaded module:
40 < L(i—5,j) < 180
40 < L(i+5,j) <180 5)
40 < L(i,j—5) < 180
40 < L(i,j+5) < 180
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Similarly, the intensity range for unshaded modules is defined as (6)
220 < U(i— < 255
220 < U(i+5,j) <255
(6)

(i=5,j)
( )
220 < U(i,j — 5) < 255
220 < U(i,j+5) < 255

[ Module wise x-y co-ordinates ]

v

( Image Adjustment ]
[ Check pixel intensity ]

If pixel intensity=0,
left 5 & right 5 pixel
intensity =0

‘—No

f 40<I(x,y), I(x-5,y),
1(x+5,y), I(x,j+5),
I(x,j-5)<180

Yes

{

fNo

220< I(x,y), I(x-5,y);
1(x+5,y), 1(x,j*+5),

Dark Count +1
Yes

1(x,j-5)<255 \i l
Light Count
+1
Yes L [ i
V [ Check next pixel |-
Unshaded
Count +1

Figure 4. Flowchart of the proposed image processing method.

2.5. Prediction of Maximum Voltage Region under Partial Shading Scenario

Prediction of the maximum voltage region under a partial shading scenario. The
mathematical model predicts the voltage regions on the I-V curve of a PV array where the
global maximum (GM) can appear. First, the I-V curve is divided into a number of regions
equivalent to the series-connected modules (N;s) in a string. A consensus between scientists
has been established that the number of local maxima (LMs) plus global maximum cannot
exceed N, and the range of each voltage region is equal to the open-circuit voltage of
module (V,cpn04)- The value of V,pp04 can be estimated from the open-circuit voltage of
array ( ocArruy)

V,
Vocmod = Oz;my (7)
s

The mid-point voltage of each region is selected as a reference voltage (Vg,s), the math-
ematical representation of which is shown below

N
5V,
VRefn = 2 0C2m0d + (n - 1) X Vocmod (8)
n=1

Using the Vg,r and Ig.s values of any two regions, their power values can be compared
as indicated below

VRefn X IRefn e VRefn+x X IREf,ﬁ-x (9)

Here, the Ig.f, of any region is equivalent to a combination of string currents, where
the current of each string is estimated by the VI method according to the active/dominant
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module of the string in that region. The currents of each string are assumed as unshaded /no-
shade (NS) as I, light-shaded (LS) as 50% of Is. and dark-shaded (DS) as 10% of I, as per
the situation of the string detected by the VI method.

To elaborate the matter, consider a PV array composed of 5 x 3 (Ns =5 and Nj, = 3)
modules. This means that five voltage regions take place where the currents of three
strings are estimated by the VI method for each region. For instance, initially, the software
compares the first and second region, where the Vg, of the first and second regions comes
out as Veaod/2 and 3V cp104/2, respectively, from Equation (8).

Thereafter, the VI method declares that, in Region-1 (first region), the current scenario
of three strings is as follows: the unshaded module of string-1 (I;) is active, the unshaded
module of string-2 (I) is active, and the light-shaded module of string-3 (50% Is.) is active.
Simultaneously, the VI method calculates the string currents in Region-2 (second region) as
follows: the light-shaded module of string-1 (50% I.) is active, the dark-shaded module
of string-2 (0.1% Is) is active, and the dark-shaded module of string-3 (0.1% I.) is active.
Consequently, Equation (9) becomes

Voemod [Lse + Isc + L] < Wf’zﬂ X [0.51sc + 0515 + 0.11] (10)
This becomes 1 3
EX[1+1+1]>§X[0'5+0'1+0'1] (11)

It can be seen that, since Region-1 exhibits the value of 1.5, which is higher than the
1.05 value of Region-2, Region-1 prevails and will be compared with Region-3 next. This
comparison continues until all the regions are checked. Finally, the region that depicts the
highest value as per Equation (9) will be declared as the GM region.

3. Concept Validation

The accuracy of the proposed image processing technique was verified through MAT-
LAB as well as with a hardware prototype using the scheme shown in Figure 5. For the
validation process, the PV arrays consisted of 3X2 SC20P-12 modules. The results of the
image processing in the MATLAB simulation using the proposed method are presented in
Figure 6. It can be seen that the proposed method reproduced the image in an efficient way.

Images were captured using a 16 MP commercially available point and shoot cam-
era. The control algorithm was implemented using arduino ATmega328p. The PV array
was connected to the battery load through a DC-DC boost converter with the follow-
ing specifications
e Input capacitor (C;;,) = 50 uF.
¢ Inductor (L) = 350 uH.

. Output capacitor (Copyt) = 250 uE.

*  Load = Battery of 48 V.

*  Switching frequency f; = 40 kHz.
*  Scanning capacitor (Cscgn) = 1 mE

The guidelines for the designing the power electronic interface for PV applications
can be found in [26-29]. The specifications of the PV module used for the PV array are
tabulated in Table 1 [30].
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Figure 5. Concept validation scheme.

Table 1. Datasheet of the SC20P-12 PV module [30].

Parameters Value
Maximum power (Py;p) 20W

Voltage at maximum power (Vinpp) 175V
Current at maximum power (Ipp) 1.14 A
Open circuit voltage (Vy) 215V
Short circuit current (I5) 1.29 A

For concept validation, two artificial shades were created on the PV panels—named
case 1 and case 2.

Figure 6. Image processing techniques in the MALTAB libraries. (a) Partial shading case 1, Ac-
tual image. (b) Case 1, Processed image. (c) Partial shading case 2, Actual image. (d) Case 2,

Processed image.
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For this purpose, testing was done on a 3 x 2 array while artificial shade was created
on the PV panel.

3.1. Case 1

Initially, the image of the PV array was captured under partial shading. It was then
processed to detect the shading scenario as shown in Figure 7.

e

@

Figure 7. Image processing. (a) Partial shading case 1, hardware verification. (b) Processed image.

The mathematical model of the PV array under a shading scenario is

. A PV array consists of two series of connected modules where the V. of each module
is 12 V. Therefore, two regions take place in the PV array, which are Region-1 (022 V)
and Region-2 (22-44 V).

* The 11 and 33 V points are selected as the mid-points of Region-1 and Region-2,
respectively.

*  The VI method is engaged to determine the three strings situation in Region-1 and
Region-2. The imaging method declares the following current values for strings in
two regions:

— Region-1: String-1 (S1) exhibits the 1.21 A, i.e., [;c. This means that although S1
string is shaded but in Region-1, the current of the unshaded module prevails,
while shaded modules are by-passed. The situation is the same with String-2 and
String-3.

- Region-2: The dark shaded module of each string is active as declared by the VI
method. Consequently, the current value of each string is represented with a 10%
Isc,ie., 0.121 A.

By comparing the powers of two regions, it is clear that the global maximum is present
in Region-1. The proposed technique suggests that, for the present case, the MPP should
occur in voltage Region-1 (1-22 V), and the reference voltage is 11 V. In order to validate the
results of proposed technique, the I-V/P-V curves of the PV array were scanned under this
partial shading scenario as shown in Figure 8. The results obtained from hardware were
in accordance with the result, which was obtained from the proposed image processing
technique. The technique further proposes the operating point of the PV array at the
reference voltage and it is worth noticing that the actual GMPP exists at the reference
voltage of Regionl of the PV array.
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Figure 8. I-V and P-V under partial shading in case 1.
3.2. Case 2

For case 2, a different type of shade was created on the PV array, and the image was
captured and further processed in MATLAB; Figure 9a,b. On the basis of the imaging results,
an equivalent model was drawn to estimate the mathematical model for determination
of the GMPP region. The proposed technique suggests that the MPP will be present in
Region-2 (Vg.r = 33 V) under the current shading scenario. This is because of the reason
that, in Region-1, all three strings are dominated by the current of the unshaded module,
while in Region-2, only the S1 current is dictated by the dark-shaded module (10% I), and
the other modules are operating with unshaded modules. Naturally, the power of Region-2
is better in a power comparison of two regions. When the I-V/P-V curves were scanned,
the GMPP was in Region-2, and the GMPP was at 33 V, which was in accordance with the
proposed technique as shown in Figure 10.

Figure 9. Image processing. (a) Partial shading case 2, hardware verification. (b) Processed image of
case 2 of partial shading.
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Figure 10. I-V and P-V under partial shading in case 2.

4. Conclusions

Artificial-intelligence-based MPPT methods are adaptive and can handle nonlinearities
in a PV system. The striking feature of these techniques is that there is no need to isolate
the load from photovoltaic. Operation of a PV at the maximum power point can be ensured
without scanning the I-V/ P-V curves. Moreover, only simplified mathematical models
are required, and no expensive sensors are needed for implementation of these techniques.
These techniques can be implemented in both standalone and grid-connected PV systems.

These techniques can also be integrated with existing MPPT techniques. The proposed
technique detects the shaded portion of a PV array after capturing the image by further
performing image processing techniques. Later, the results obtained from image processing
are utilized to manipulate the values of the current in power equations. In this way, the
MPP region is determined. Finally, the PV array is designed to set on the reference voltage
of the determined voltage region through a demodulation scheme.

The proposed scheme was tested both through hardware and software simulations on
a 3x 2 sized PV plant. The hardware results were in accordance with the results achieved
from proposed image processing technique. The proposed technique is cost effective as it
utilizes a simple optical camera as compared to an infrared camera to detect and classify
shading on a PV plant.

We observed that the results of the proposed technique contained less uncertainty
in the case of low-resolution images, whereas the level of uncertainty increased when
high-resolution images were tested. This is likely caused by the small image details that are
taken into account when images are captured from a high-resolution lens. The proposed
algorithm can be further improved in order to minimize the extent of uncertainty in the
case of high resolution images by exploring more advanced image processing techniques.
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