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a b s t r a c t 

The effectiveness of solar energy as a viable energy source is hampered by various factors 

including high cost of components and lowered operating efficiency due to partial shading. 

Partial shading reduces the output of not only the shaded part of the panel but also the 

other panels connected to the same photovoltaic (PV) array. This paper discusses the ben- 

efits of using a bypass diode based voltage drop measurement and maximum power point 

tracking (MPPT) system in the power generation of a PV array. An algorithm to find the 

global maximum power in short span of time is also presented. MATLAB is then used to 

perform the simulation of the proposed algorithm on a 3 × 3 photovoltaic array and the re- 

sults are checked against actual outdoor tests to test the validity of the proposed method. 

The proposed method holds even when extended to any array combinations for practical 

applications. 

© 2018 Elsevier Ltd. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Deployment of renewable energy sources like solar is taking place at a rapid phase to mitigate the growing greenhouse

gas emissions, the ill effects of which are seen every day around the world. However, solar power generation does suffer

some drawbacks including but not limited to low conversion efficiency and reduction in output due to partial shading

of the panel surface. In a solar photovoltaic (PV) array, partial shading by nearby trees, buildings, clouds, birds and dust

greatly reduces [1] the other panel’s power generation as well. So, maximum power point tracking (MPPT) method should

constantly track the maximum power under partial shading conditions. But the existing MPPT algorithms such as perturb

and observe (P & O) and incremental conductance (IC) do not extract the maximum possible power during shading. 

During partial or uneven shading, the power versus voltage (P–V) characteristic curve of the PV array contains many

peaks and as a result, the maximum power point (MPP) detected may not always be the global maximum power point

(GMPP). To detect the absolute global maximum out of all MPPs, many researchers developed various techniques and algo-

rithms. One of such techniques is a thermography based temperature distribution analysis [2] , which estimates the voltage
� Reviews processed and recommended for publication to the Editor-in-Chief by Guest Editor Dr. J. Yogapriya. 
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Fig. 1. Equivalent circuit of single solar cell using 2 diodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of the module by using a thermographic image. Depending on the shading and fault levels present, the temperature of the

panel varies and by using this variation, the voltage of the panel is then calculated using a thermographic image [2] . A ther-

mal camera is needed to do all these analyses but in the method paper proposed in this, the same voltage measurement

is done just using voltage sensors across each bypass diode in the array. Bypass diodes are usually connected across the

modules as a means to reduce the voltage imbalance that occurs during shading. Here in our technique, the same diodes

are used to measure the GMPP through a bypass diode scanning algorithm which takes in real-time measurement of the

voltage drop across each diode. Conventional bypass diode scanning mechanisms are more complex and time-consuming. If

the number of panels and diodes increases, then the time per scanning will also increase. This drawback of time consump-

tion is overcome by the proposed method. This characteristic based mechanism requires more memory space to store the

data and in the literature, numerous methods and artificial intelligence based techniques have been proposed but they are

not regarded satisfactory because of them taking more time and cost. In addition, this traditional bypass diode mechanism

[3] based MPP tracking algorithms do not sense the voltage drop across the diodes to find the MPP. Physical reconfiguration

of the modules takes place [4] during partial shading, which might provide maximum power but requires careful monitoring,

more manpower and time [5] . Reconfiguration [6] by switching also causes loss of power due to the over usage of semicon-

ducting devices. Conventional MPPT algorithms including P&O method and IC method are studied [7–11] . On comparing the

performances and simplicity [12] , P&O algorithm is found to be very simple but in case of performance, IC algorithm stands

out. Both the algorithms can be used for this proposed technique depending on the requirements. Many artificial intelli-

gent techniques which have been proposed to figure out MPP include artificial neural network (ANN) [13] , particle swarm

optimization (PSO) [14,15] , artificial bee colony (ABC) [16] , fuzzy logic (FL) [17] , neural network (NN) [18,19] method. Some

other methods have been proposed [20–25] , for finding out MPP but, they are all either time consuming or requires more

infrastructure. The methods existing in the literature are unsatisfactory in terms of cost, speed, effectiveness, and complexity.

The proposed method greatly reduces the time by using the bypass diode’s voltage drop alone for partial shading level

detection. In case of thermographic image-based processing, the processing time is high and it also demands high-cost

components. No additional infrastructure is needed in the proposed method other than the voltage sensors. So, this method

is more effective for tracking the maximum power in a short span during partial shading as well as normal condition.

MATLAB is used for simulating the MPPT controller and DC-DC converter. The results from the simulation and practical

verification assert our claim that the proposed bypass diode scanning algorithm provides a better performance than the

conventional and existing techniques. 

The rest of the paper is organized as follows: Modeling of a solar cell, the characteristics and the impacts of partial

shading on a selected array arrangement is explained in Section 2 . Section 3 explains the proposed bypass diode scanning

algorithm and its practical verification is given in Section 4 . Section 5 presents the simulation results and the comparative

analysis. The conclusions are presented in Section 6 . 

2. Modeling of PV panel 

The mathematical model of a solar module is developed in MATLAB/SIMULINK. The panel used for practical implemen-

tation is of polycrystalline type. The equivalent circuit of a solar cell using two diodes is shown in Fig. 1 . The solar cell’s I–V

characteristic [23] is derived from accurate two exponential diode model and its current output can be derived as in Eq. (1) .

I = I L − I 0 

[ 
e 

q ( v + I R s ) 
n 1 kT − 1 

] 
− I 01 

[ 
e 

q ( v + I R s ) 
n 2 kT − 1 

] 
−

(
V + I R s 

R p 

)
(1)

I L - Light Induced Current 

I 0 - First Diode’s Saturation Current 

I 01 - Second Diode’s Saturation Current 

k - Boltzmann’s Constant 
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Fig. 2. 3 × 3 Series Parallel array with 9 panels and 9 bypass diode. 

Table 1 

Panel details at standard testing conditions (STC). 

S.No Parameters Rating 

1 Maximum power (P max ) 10 W 

2 Open circuit voltage (V oc ) 21.96 V 

3 Short circuit current (I sc ) 0.59 A 

4 Voltage at maximum power (V max ) 18.25 V 

5 Current at maximum power (I max ) 0.55 A 

 

 

 

 

 

 

 

 

 

 

T - Operating Temperature of the device 

q - An electron’s Elementary Charge 

n 1 - First Diode’s Ideality factor (DEC - Diode Emission Coefficient) 

n 2 - Second Diode’s Ideality factor (DEC) 

V - Cell Voltage 

2.1. Array construction 

For extracting maximum current and voltage from the solar PV system, the array is formed by interconnecting the mod-

ules in series and parallel. For xxy PV array, ‘ x ’ indicates the total number of columns and ‘ y ’ indicates the total number

of rows in that array. The string x 1, x 2 and x 3 indicate the panels in column 1, 2 and 3 respectively, whereas y 1 , y 2, and

y 3 indicate the panels in row 1, 2 and 3 respectively. In this paper, a 3 × 3 PV array with 9 panels (PV xy ) and the same

number of bypass diodes (9 diodes with each panel having its individual diode) are used for testing the proposed system.

This configuration is shown in Fig. 2 . Table 1 shows the specifications of the solar panel used for simulation as well as the

practical implementation and testing. 

The ratings of the PV panel used for simulation and hardware are 

V oc = 21 . 96 V , I sc = 0 . 59 A , V m 

= 18 . 25 V , I m 

= 0 . 55 A , P max = 10 W 

The array type discussed in this paper is 3 × 3. So, the array specifications are 

V oc = 65 . 88 V , I sc = 1 . 77 A , V m 

= 54 . 75 V , I m 

= 1 . 65 A , P max = 90 W 

Array’s current versus voltage (I–V) and power versus voltage (P–V) characteristics curves are shown in Fig. 3 obtained

by using MATLAB/SIMULINK. These curves are obtained at standard test condition (STC) that is under the irradiation of

10 0 0 W/m 

2 and Temperature of 25 °C. Array’s I–V & P–V characteristics curves under partial shading conditions are also

shown in Fig. 4 (a) and (b) respectively. It is seen that these curves widely differ from the characteristics of the normal

curve. 
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Fig. 3. (a) I–V & (b) P–V characteristic curves obtained under STC. 

Fig. 4. (a) I–V & (b) P–V characteristic obtained under partial shading condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2. Partial shading impacts 

Partial shading occurs on small household solar power plants mainly due to trees, the nearby house, birds, and dust. The

same problem occurs in large-scale solar plants because of the shading by passing overhead clouds. An analysis of shading

in panels is done on the world’s largest solar power plant located in Kamuthi, Tamil Nadu, India (9.4197N, 78.37E). The

analysis revealed that clouds cause almost all of the shading in large plants and the other types of shading in such plants

are practically negligible. This shading by clouds on a large farm does not cause major power variation for a long duration.

So, this work mainly focuses on the partial shading occurring on the small-scale solar power plants. 

From the modeling equation, it is clear that V m 

’ & I m 

’ (maximum voltage & maximum current) values of the PV panel

are directly proportional to the irradiation. So if any panel is partially shaded, the average irradiation received by that panel

will vary thereby making V m 

’ & I m 

’ and maximum power point to vary as well. 

In an array, if the PV panels are partially shaded, then the PV characteristics will have multiple peaks (P1, P2 & P3) as

shown in Fig. 4 . P2 is the GMPP and P1, P3 are non-global/local peak power points. From the partially shaded PV charac-

teristics, it is clear that the conventional algorithm tends to settle down many times in the non-global peak power points

without extracting the maximum power point. 

In bypass diode based series-parallel PV array, the panels are open circuited when the bypass diodes are in the ON state.

Because of this, the MPP voltage of the array gets shifted to other voltage regions. For an x × y array, the maximum possible

voltage region is y . The boundary of each region’s voltage lies at the MPP voltage of each panel. If the regions are split into

R 1 , R 2 & R 3 , then the boundary of the region R 3 is 18.25 V, R2is 18.25 + 18.25 = 36.5 V & R 1 is 18.25 + 18.25 + 18.25 = 54.75 V.

The conventional algorithms used for finding the MPPT P&O and IC algorithms have many drawbacks as stated earlier over-

coming which is the main aim of this work. 

2.3. Conventional MPPT methods 

The block diagram of the conventional PV system is shown in Fig. 5 . In this method, the voltage and current are fed

to the MPPT controller to get the duty that provides maximum power. During partial shading, the conventional methods

cannot track the GMPP from the multiple MPPs. The methods existing in the literature [3,7,8] , and [14] to find the MPPT
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Fig. 5. Block diagram of conventional PV system. 

Fig. 6. (a) PV array without shading (b) P–V characteristic curve obtained normal condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

are either more complex, have low processing speeds or cost very high. In the previous literatures [2] a high-cost thermal

camera is used for capturing the thermal image. By using the thermal image in partial shading condition, the temperature

of the module is analyzed. 

The temperature difference is clearly identified by the color variation of the captured image, through which the shading

level can be estimated as low, medium or high. After that, the shading level information of the PV system is given to the

MPPT to track the maximum power. The main drawbacks of this method are convergence at local MPP instead of GMPP and

additional time required for finding the GMPP. 

3. Bypass diode scanning algorithm based MPPT 

In this proposed method, the bypass diode’s voltage drop is used to find the global peak power point to reduce the time

required as compared to existing techniques. For the proposed method, each module has to be connected with a bypass

diode as shown in Fig. 2 . To measure the voltage across each bypass diode, a voltage sensor is used. Usually in the array

based system, bypass diodes are used to bypass the current generated by the unshaded panels otherwise current will be

limited by the resistance of the shaded panel (resistance variation depends on the shading level). In this paper, a new bypass

diode scanning algorithm is introduced to predict the GMPP by using the bypass diode’s voltage. 

In MATLAB, the array of various partial-shading patterns is simulated and analyzed. In an array, a column decides the

voltage and a row decides the current. For an x × y array (m - Bypass diode logic states of panels in columns & r - Bypass

diode logic states of panels in rows) the maximum possibility for the MPP voltage region is equal to y. So, for a 3 × 3 array,

three MPP voltage regions will be there and denoted as R 1 , R 2 & R 3 . From maximum to minimum irradiation, the MPP voltage

variation is approximately 25% [20] . Fig. 6 shows the array pattern and PV characteristic curve under normal conditions. The

dotted line in the curve indicates the R 1 region. In our array, each column has 3 panels. Therefore, V m 

= 18.25 × 3 = 54.8 V,

and the MPP voltage varies from 41.1 V to 54.8 V. Fig. 7 and 8 show the array patterns and PV characteristic curves under

medium and high partial shading conditions (partially shaded panels are indicated in dark color). In R 2 region, the MPP

voltage varies from 27.4 V to 36.5 V. In R region, the MPP voltage varies from 13.7 V to 18.3 V. Under low partially shaded
3 
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Fig. 7. (a) PV array with medium shading (b) P–V curve obtained under medium partial shading condition. 

Fig. 8. (a) PV array with high shading (b) P–V curve obtained under high partial shading condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

conditions, there is no shift in the GMPP and it is in the region R 1 . In medium partially shaded condition, there is a shift in

the GMPP from region R 1 to R 2 . And likewise, in high partially shaded condition, GMPP shifts from region R 2 to R 3 . 

The bypass diode voltage varies from −V oc to 0.7 V during normal and various shading conditions. If the bypass diode

voltage is 0.7 V, then it is in ON state (Forward Biased), and the logic is ‘0 ′ . If the voltage is between 0 to −V oc , then it is in

OFF state (Reverse Biased), and the logic is ‘1’. With this logic, for finding the shading level and operating region, a lookup

table is created and it is shown in Table 2 . In the table, m 1 , m 2 & m 3 indicate the logic states of the PV panel’s bypass diode

in column and r 1 , r 2 & r 3 indicate the logic state of bypass diodes in the rows. Whereas T 1 , T 2 & T 3 indicate the total sum

of r 1 , r 2 & r 3 in each column which is clear from Eqs. (2) , (3) & (4) . So, by knowing T 1 , T 2 & T 3 , shading level, and operating

region are found out. For example, the logic states of the array shown in Fig. 7 are m 1 (r 1 = 0; r 2 = 1; r 3 = 1); m 2 (r 1 = 0;

r 2 = 1; r 3 = 1); m 3 (r 1 = 1; r 2 = 1; r 3 = 1). So, [T 1 = 2; T 2 = 2; T 3 = 3], the operating region is R 2 and shading level is medium.

The operating region and shading level are the same for other similar patterns [T 1 = 2; T 2 = 3; T 3 = 2] and [T 1 = 3; T 2 = 2;

T 3 = 2]. The lookup table is created by analyzing various partially shaded conditions. It is done by forward and reverse

biasing the bypass diodes (by partial shading of various panels) in the array. From the lookup table, Eqs. (2) –(7) is framed

to find the operating regions of the PV system under partial shading conditions. 

Eq. (2) is used to find the ‘ T z ’ (total sum of each column’s bypass diode logic states) and ‘ x ’ denotes the number of

columns and ‘ y ’ denotes the number of rows, where z varies from 1 to x . 

T 1 = 

y ∑ 

i=1 

m 1 r i ; T 2 = 

y ∑ 

i=1 

m 2 r i ; upto T z = 

y ∑ 

i=1 

m z r i (2)
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Table 2 

Operating region lookup table. 

Logic States Total logic values Operating region Shading level 

m 1 m 2 m 3 

r 1 r 2 r 3 r 1 r 2 r 3 r 1 r 2 r 3 T 1 T 2 T 3 

0 0 0 0 0 0 0 0 1 0 0 1 R 3 High 

0 0 0 0 0 1 0 0 1 0 1 1 R 3 High 

0 0 1 0 0 1 0 0 1 1 1 1 R 3 High 

0 0 1 0 0 1 0 1 1 1 1 2 R 3 High 

0 0 1 0 1 1 0 1 1 1 2 2 R 3 High 

0 1 1 0 1 1 0 1 1 2 2 2 R 2 Medium 

1 1 1 0 1 1 0 1 1 3 2 2 R 2 Medium 

0 1 1 1 1 1 1 1 1 2 3 3 R 2 Medium 

1 1 1 1 1 1 1 1 1 3 3 3 R 1 Normal 

1 1 1 1 1 1 0 0 0 3 3 0 R 1 Low 

0 0 1 0 0 1 1 1 1 1 1 3 R 3 High 

0 0 0 0 0 0 1 1 1 0 0 3 R 3 High 

0 0 0 0 0 0 0 1 1 0 0 2 R 2 Medium 

0 0 1 0 1 1 1 1 1 1 2 3 R 3 High 

Fig. 9. Block diagram of proposed PV system. 

 

 

 

 

 

 

 

 

 

Eq. (3) is used to find the minimum of ‘ T z ’. 

T min = Min [ T 1 , T 2 , T 3 , . . . . T z ] (3) 

Eq. (4) is used to find the operating region when T min is greater than zero. 

Operating Region = R [ y −[ T min −1 ] ] ; T min > 0 (4) 

Eq. (5) is used to find the operating region when T min is equal to zero. 

Operating Region = R [ T min 1 ] ; T min = 0 (5) 

Eq. (6) is used to find the T min1 which should be greater than zero. 

T min 1 = Min [ T 1 , T 2 , T 3 , . . . . T m 

] ; T min > 0 (6) 

Operating region’s upper and lower voltage limit is calculated by the Eq. (7) . In this ‘ i ’ varies from 1 to y (number of

columns). 

Voltage Limit R i = ( V max × ( y + 1 − i ) ) to ( V max × ( y + 1 − i ) ) × 0 . 75) (7) 

3.1. Proposed algorithm description 

The block diagram of the proposed PV system is shown in Fig. 9 . Here, the bypass diode logic states are used to predict

the shading level and the MPPT gives the maximum power. Fig. 10 shows the flowchart of bypass diode scanning algorithm

based MPPT. In this method, voltage and current of the array are initially measured and the values of which are then used

to perform normal P&O or IC algorithms. 

Then, obtained power is checked for the maximum power point by verifying whether the instantaneous power oscillates

or remains stable between the thresholds ( + 5% to −5%, condition 1). If the condition 1 is NO then the P&O or IC algorithm

is performed again to track the maximum power point. If the condition 1 is YES, then the bypass diode logic states are read

and checked whether the operating region is correct (condition 2). If condition 2 is NO, by using the logic states, operating

region, and shading level are found from the lookup table or by the Eqs. (2) –( 8 ) and then the voltage reference are changed
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Fig. 10. Flowchart of Bypass diode scanning algorithm based MPPT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

according to the corresponding voltage level of the operating regions. The P&O or IC algorithm is performed again to track

the GMPP. If the condition 2 is YES, P&O or IC algorithm is performed again to track the GMPP continuously. The voltage

references for the operating regions R1, R2 & R3 are 41.1 V, 27.4 V & 13.7 V respectively. 

Table 3 shows the array shading pattern and their bypass diode logic states, total logic values, operating region and

shading level. For easy identification, these patterns are labeled from type1 to type7. Each type includes three different

kinds of shading patterns and is made manually for validating this work. The patterns mentioned in Table 3 include all

types of possible shading that can occur to the 3 × 3 array. And a comparative analysis is also done for a 10 × 10 array (large

plant) for claiming this algorithm is the fastest of all other algorithms during different partial shadings. Here ‘ y ’ indicates

the row and ‘ x ’ indicates the column and their subscript indicates their corresponding row and column number. The array

shading patterns and their irradiation values are denoted in W/m 

2 . The highest irradiation value of an array is considered as

the normal irradiation of the environment. The array is tested under these shading types with the ordinary P&O and bypass

diode scanning algorithm and the results are shown in Table 3 . 

From the results, it is quite clear that the proposed algorithm tracks the maximum power quickly under high and

medium shading level compared to the conventional P&O algorithm. Whereas for low and normal shading levels both the

algorithms track the same power since the operating regions are not changed. The obtained practical results are on par

with the simulation results and hence validate the algorithm. The simulation setup of the PV array of the proposed system
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Table 3 

Shading pattern and type definition for simulation and practical implementation. 

Shading Pattern Total logic Operating Shading Shading 

W/m 

2 Logic States values region level type 

X m T 1 T 2 T 3 

Y x 1 x 2 x 3 r m 1 m 2 m 3 

y 1 900 900 900 r 1 1 1 1 3 3 3 R 1 Normal Type 1 

y 2 900 900 900 r 2 1 1 1 

y 3 900 900 900 r 3 1 1 1 

y 1 200 900 900 r 1 0 1 1 2 3 3 R 2 Medium Type 2 

y 2 900 900 900 r 2 1 1 1 

y 3 900 900 900 r 3 1 1 1 

y 1 200 300 900 r 1 0 0 1 2 2 3 R 2 Medium Type 3 

y 2 900 800 900 r 2 1 1 1 

y 3 900 900 900 r 3 1 1 1 

y 1 600 200 100 r 1 1 0 0 3 1 2 R 3 High Type 4 

y 2 600 200 600 r 2 1 0 1 

y 3 600 600 600 r 3 1 1 1 

y 1 800 100 300 r 1 1 0 0 2 1 1 R 3 High Type 5 

y 2 800 100 200 r 2 1 0 1 

y 3 300 800 800 r 3 0 1 1 

y 1 900 900 100 r 1 1 1 0 3 3 0 R 1 Low Type 6 

y 2 900 900 100 r 2 1 1 0 

y 3 900 900 100 r 3 1 1 0 

y 1 750 750 200 r 1 1 1 0 1 1 2 R 3 High Type 7 

y 2 200 150 750 r 2 0 0 1 

y 3 250 200 750 r 3 0 0 1 

Table 4 

Practical output power comparison between conventional and proposed algorithms for defined shading types. 

Shading type Shading level Output power in conventional P&O based MPPT 

(W) 

Output power in bypass diode scanning algorithm 

based MPPT (W) 

Simulation Practical Simulation Practical 

Type1 Normal 83.5 82.8 83.5 82.8 

Type2 Medium 57.3 56.9 61.5 60.9 

Type3 Medium 39.7 40.1 53.4 52.7 

Type4 High 19.2 19.6 24.3 25.2 

Type5 High 17.6 17.9 19.6 18.8 

Type6 Low 55.4 56.1 55.4 56.1 

Type7 High 15.5 16.1 17.2 17.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

consists of nine panels which are connected in series-parallel (SP) combination and the experimental setup of the proposed

system includes PV array, MPPT controller, boost chopper, load and measurement blocks as shown in Fig. 14 . 

4. Practical verification 

Fig. 15 shows the experimental setup of the proposed system. For sensing the diode voltage drop, a low-cost isolation

circuit made using transistor is used. Transistors are used to isolate the negative terminals of the upper side diode with

the lower side (to avoid short circuit of row 1 and 2 with respect to row 3). Power diode 6A4 is used as bypass diode and

Arduino ATmega2560 microcontroller is used for implementing the proposed algorithm. Using this controller PWM signals

are generated. For boost converter, the input capacitor rating is 10 μF, 400 V, output capacitor rating is 47 μF, 450 V and

inductor rating is 5 mH, 2 A. For semiconductor switch, MOSFET IRF250 is used. For sensing the current, ACS712 module is

used. For sensing the voltage, potential divider method is implemented. During practical implementation, hiding the panels

by cardboard sheet creates partial shading conditions. In this work, transistor (BC547) based bypass diode voltage sensing is

used to avoid short circuit of terminals. A low-cost irradiation sensing method is also used for obtaining the irradiation val-

ues in W/m2. Luminance (lx) of the sunlight reaching the panel is noted and by using the Eq. (8) , the irradiation in W/m2 is

calculated. The sunlight’s luminous efficacy is 93 lm/W. Table 4 compares the result of power outputs from the conventional

P&O algorithm and the proposed bypass diode based scanning algorithm in both simulation and hardware setups. These

results in Table 4 show that the proposed bypass diode scanning algorithm always produces an equal maximum power in

partially shaded condition compared with the conventional method but the time to find the GMPP in partial shading is

quick which is also given in detail as a comparative analysis in the next section. Practical implementation is made for the
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Table 5 

Performance comparison of existing and proposed MPPT methods. 

Evaluation Criteria P&O [8] IC [7] PSO [14] Modified PSO [14] MPPT by bypass diode 

mechanism [3] 

Proposed bypass diode 

scanning technique 

Tracking speed (sec) 0.294 0.374 0.345 0.404 0.484 0.200 

Steady-state oscillations 

( ± % �P) 

2.15 1.75 1.55 1.00 1.25 0.75 

Peak overshoot (% �P) 13 12.5 32 24 2.5 37 

Percentage average power 

extracted from GMPP under 

all seven types of partial 

shading conditions (%) 

92.2 92.8 100 100 93.5 100 

Per day energy extracted (Wh) 373.4 375.8 405.6 403.2 378.7 409.3 

Fig. 11. Different shading types for comparative analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

conventional P&O, IC, PSO, modified PSO and the proposed bypass diode scanning method. The simulations are made for

all the above-mentioned techniques and are compared in a 10 × 10 array. The transient and step response for the existing

methods versus the proposed method is given in the next section. 

S = 

η

E v 
× A (8)

S - Irradiance in watts per square meter (W/m 

2 ) 

E v - Luminance in lux (lx) 

A - Area of the panel in square meter (m 

2 ) 

Ƞ - Luminous Efficacy in lumens/watts (lm/W) 

5. Comparative analysis 

A comparison between the proposed and the conventional method is made in Table 4 by considering power as a factor. In

order to provide more validation to the proposed algorithm, a comparative analysis is done in simulation for the proposed

method (bypass scanning approach) with the existing methods – bypass diode mechanism [3] , IC [7] , P&O [8] , PSO and

modified PSO [14] as shown in Table 5 . This analysis is to demonstrate the accuracy and the swiftness of the bypass diode

scanning algorithm in a 10 × 10 array of PV with various shading cases. This analysis is done in MATLAB simulation. Practical

implementation is done for the proposed bypass diode scanning method and the conventional P&O and IC method in a 3 × 3

array. Some more parameters such as tracking speed in seconds, steady-state oscillations in ± % �P, peak overshoot in % �P,

average power extracted under varying irradiance/partial shading condition in % and per day energy extracted in Wh had

been observed and presented in Table 5 . The transient and steady-state oscillations are tracked for the conversion from one

irradiance type (type 1) to another (type 3) for all the methods and are shown in Fig. 12 . 

The transient and step response time clearly indicate that the proposed scanning algorithm has a quick steady state

response than the conventional ones. A total of six shading patterns in the above mentioned large array are simulated and

the time for convergence is calculated for conventional [3,7,8,14] and proposed systems in IC tracking algorithm. 

Fig. 11 shows six types of partial shading in a 10 × 10 solar PV array and the shadings are differed by the color of the

modules. Each of the types has a unique shading position and levels which is explained below. 

A-type: Constant irradiance with a rectangular shape that covers about 24 panels and the irradiance in the shading

panels can be changed to equally to form a different type of analysis. 
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Fig. 12. Transient response from shifting one irradiance level (type 1) to another (type 3) (a) PSO vs. proposed bypass diode scanning method (b) Modified 

PSO vs. proposed bypass diode scanning method and (c) Existing method vs. P&O vs. IC vs. proposed bypass diode scanning method. 

 

 

B-type: Similar to A-type, it also has a uniform irradiance with an isosceles triangle shape and covers 28 modules. 

C-type: Uniform irradiance with uneven shape, covers up to 42 modules. 

D-type: Gradually varied irradiance with a rectangular shape and that covers around 48 modules. This is shown by

differed color in Fig. 11 having high irradiance in series panels. 

E-type: Gradually varied irradiance with a rectangular shape and that covers around 48 modules. This is shown by dif-

fered color in Fig. 11 having high irradiance in parallel panels. 
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Fig. 13. Time comparative analysis of existing and proposed methods with respect to shading types. 

Fig. 14. Simulation experimental setup of the proposed system. 

 

 

 

 

 

 

 

F-type: Random irradiance with irregular shapes. All the varied irradiance lies in between 10 0–90 0 W/m 

2 . 

For all the shading pattern types, there must be a lot of local maximum power points (LMPP) in the P–V curve. Out of

multiple LMPPs, there is only one point that can be considered a GMPP. The time required for achieving or settling in the

GMPP is calculated for both conventional and proposed algorithms and shown in Fig. 13 . For different types of shading, the

convergence time also varies as shown in Fig. 13 . From that, it is clear that the convergence time for achieving the GMPP

in the proposed algorithm is comparatively very much low (constant). Also for the proposed system only a less amount of

infrastructure is needed and is shown in Fig. 15 compared to the other advanced MPPT techniques. During partial shading,

the cost saved due to the extra power extracted from the proposed system for a month is almost equal to the cost of the

extra components needed for the conventional systems. Hence, this system is deemed cost-effective. 
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Fig. 15. Practical experimental setup of the proposed system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Conclusion 

The proposed bypass diode scanning algorithm is intended to extract the maximum power from a 3 × 3 photovoltaic

(PV) array during unavoidable shading conditions. The bypass diode voltage is first scanned for detecting the shading level

and maximum power point tracking (MPPT) algorithm is then used to track the global maximum power point. The algo-

rithm needs only the bypass diode voltage drop measurement. The proposed method was tested for various partial shading

conditions by simulation and practical implementation. During simulation, partial shading conditions are created by setting

various levels of irradiations to panels in the PV array. During the practical implementation of the proposed work, partial

shading conditions are made artificially by hiding the panels by cardboard sheet. Both the simulation and practical results

conclude that power extraction has increased in the proposed method during high and medium shading levels. It extracts

more power under partial shading with a lesser time of 2 ms. The steady state oscillation is also very low (0.75) compared

to other techniques. The percentage of the power extracted from global maximum power point is 100% under all the seven

partial shading patterns. Per day energy extracted is nearly 9% higher when compared to the existing methods. In future,

this method can be extended for PV array combinations of any scale and size and modern wireless sensors can reduce the

infrastructure requirement. 
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