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Abstract: Photovoltaic (PV) systems represent a clean, renewable source of energy that 
has non-linear current-voltage (I-V) and power-voltage (P-V) characteristics. To increase 
the efficiency, a PV system must operate at the maximum power point (MPP) to produce 
the maximum available power. Under uniform conditions, there is only a single MPP in the 
P-V curve of a PV system; however, determining the MPP is more complicated under 
partially shaded conditions (PSCs) because multiple peak power points exist. In recent 
years, various studies have been performed to obtain the highest peak power point under 
PSCs, which is referred to as the global maximum power point (GMPP). In this paper,  
a novel method based on mathematical analysis that reduces the search zone and 
simultaneously identifies the possible MPPs in the specified zone is proposed; this 
proposed method is called the dual search maximum power point (DSMPP) algorithm.  
To evaluate the effectiveness of the proposed method, simulation and hardware 
implementations are carried out. The results show that the search time of GMPP is 
significantly reduced and the GMPP is detected in the minimum amount of time with high 
accuracy and minimum oscillation in the power produced. 
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1. Introduction 

Fossil fuels are sources of non-renewable energy that are finite; as a result, the sources of fossil 
fuels will eventually become depleted, resulting in a high cost of fuel while also affecting the 
environment, particularly in terms of global warming. In contrast, there are certain types of renewable 
energy resources, such as solar and wind energy, that are continually resupplied and are virtually 
inexhaustible. Among renewable energy resources, energy from the sun is commercially viable 
because of its potential for high productivity and low emissions [1]. In photovoltaic (PV) systems,  
there are certain factors that can create power losses, such as current and voltage mismatch [2,3],  
the accumulation of dust on a PV module’s surface [4], the angle of prevalence of such radiation,  
and the maximum power point (MPP) of a PV system. 

PV systems are distinguished by their I-V and P-V characteristics, where I, V, and P are the current, 
voltage, and power of the PV system, respectively. Each type of load connected to a PV system has  
a load line characteristic. The intersection point between the load line and I-V characteristic of a PV 
system defines the operating point, which can be varied by changing the load value. Thus, the output 
power of a PV system, which is defined by multiplying the current by the voltage, ranges from nearly 
zero to the maximum value of the PV system. To solve this problem of variable power output and to 
simultaneously avoid further power losses, a maximum power point tracking (MPPT) algorithm is 
used to determine the maximum available power of a PV system. In recent years, many different 
MPPT algorithms [5–12] have been presented and can be classified into two general groups. The first 
group is conventional methods, such as perturb and observation (P & O), incremental conductance 
(IC), and constant voltage (CV), and the second group is artificial intelligence methods, such as fuzzy 
logic (FL) [13–17], artificial neural network (ANN) [18–20], ant colony optimization [21], genetic 
algorithm (GA) [22], and particle swarm optimization (PSO) [23]. Among the conventional methods,  
P & O is the most frequently used because it is easy to implement in PV system controllers, but its 
major disadvantages are the long time required to reach the MPP and the high oscillations that occur 
when the MPP is obtained. On the other hand, artificial intelligence methods reduce oscillations and 
the time required to reach the MPP, but their implementation is more complex, they require more 
training data, and they have problems in specifying particles. Under uniform conditions, in which there 
is only a single peak power point, generally, all of the above-mentioned methods are successful in 
finding the MPP, and some of them have their own particular advantages, such as a short time required 
to obtain the MPP and acceptable oscillations. However, in some cases, e.g., under partially shaded 
conditions (PSCs), there are multiple power peaks; one of these peaks is the global maximum power 
point (GMPP), which has the highest power, and the other peaks are local maximum power points 
(LMPPs). To determine the GMPP, smart techniques should be combined with the above-mentioned 
methods. In recent years, many researchers have presented different strategies for finding the GMPP 
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under shaded conditions. In [24], online current measurement and regular interrupts are used to address 
the partial shading issue. In [25], Levron et al. presented a sliding-mode controller based MPPT 
method which has faster convergence to MPP in comparison to PWM based MPPTs. In [26], a P & O 
algorithm based on sliding-mode control of input inductor of a DC-DC converter is presented and this 
method is suitable when high power needs to be delivered to the grid. In [27], the particle swarm 
optimization (PSO) method is used to track the GMPP under shaded conditions. In [28], an artificial 
neural network based on the slope of power versus voltage is used to compensate for the ambiguity of 
solar irradiation conditions and the electrical characteristics of the load, as well as to avoid oscillation 
problems and the consequences of uncertain parameters. In [29], a hybrid system that combines the 
ANN and P & O methods is used. In this paper, following a sudden change in power, an ANN is used 
to predict the classification of the optimal output voltage according to commensurate input irradiation 
conditions. Finally, by using the P & O algorithm, the operating point moves to the GMPP. The PSO 
and P & O methods are used as a hybrid system in [30] to reduce the time required to find the GMPP. 
In this hybrid system, the P & O method is used to allot the nearest local maximum, and thereafter, the 
PSO is used to determine the GMPP. In [31], a two-stage method is presented; however, the problem 
with the two-stage method is the complexity of the system due to the requirement of two additional 
circuits (one for measuring the short-circuit current and the another one for measuring the open-circuit 
voltage). In another work [32], versatile reconfiguration is proposed, which requires many sensors and 
switches. In this method, the number of sensors and switches required increases with the number of 
rows. In [33], a two-stage method is also proposed to find the GMPP under partially shaded 
conditions. In the first stage, when the local MPP is found, the next search is started at the left and 
right sides of the first local MPP to find the GMPP. However, the drawback of this method is the low 
convergence speed in reaching the GMPP because it must search all possible MPPs. In [34], a new 
method based on the presence of photodiodes as irradiance sensors that serve as extra inputs to the 
algorithm is presented. In [35], fuzzy logic is used to adjust the duty cycle of the incremental 
conductance (IC) method, which reduces both oscillations and the time required to reach the GMPP.  
In [36], a variable step size can be implemented to overcome certain drawbacks, such as oscillations 
and the time required to reach the MPP [37,38]. The artificial intelligent methods are quite efficient, 
but each has its own drawbacks. For example, an ANN must provide enough experimental data to be 
trained. In the FL method, there are certain primary components, such as fuzzification and 
defuzzification that require large computational memory; in addition, the specific range of membership 
functions and rules should be varied according to the specific application. The PSO method is more 
useful in large PV systems with a large number of strings, but this method requires experience to set 
the parameters. In [39], a linear-function-based MPPT that is able to determine the GMPP under 
shaded conditions is presented; however, this method considers specific P-V curves and is not 
successful in all partial shadowing scenarios. In some papers, the authors assume specific conditions 
for designing a new MPP algorithm and consider only specific P-V and I-V curves. For example,  
in some papers based on the PSO method, the authors define the initial particles to be near the local 
and global peaks, and they must change these particles for different P-V curves. By considering all of 
the advantages and drawbacks of the abovementioned conditions for finding the GMPP, a new method 
based on mathematical analysis for reducing the search zone and consequently identifying the GMPP 
in the minimum amount of time is proposed. In this method, when partial shading occurs, the new 
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reference voltage is calculated by a modified linear function that reduces the search zone, and then, the 
system begins to search for possible MPPs. Finally, when the potential location of the GMPP is 
recognized, the modified P & O method which is based on the adjusting duty cycle by step-size 
variation is implemented to obtain the GMPP. In this paper, Section 2 describes the PV system under 
study, followed by the model of the PV array under uniform conditions and PSCs for the series-parallel 
(SP) configuration. In Section 3, the principle of a boost converter is explained. In Section 4, the linear 
function method is explained, and in Section 5, the proposed MPPT algorithm is presented. In Section 6, 
the simulation results and the related analysis performed in MATLAB/Simulink are presented. The 
hardware setup is presented in Section 7. Finally, the last section summarizes the findings obtained by 
implementing the proposed method. 

2. Photovoltaic (PV) System Model 

2.1. PV Array Model under Uniform Conditions 

The smallest unit of a PV module is the solar cells that are connected in series. The equivalent 
circuit of a solar cell is shown in Figure 1, where RS and RSH are the series and shunt resistances, 
respectively. The efficiency of a solar cell is quite sensitive to variations in the series resistance, but it 
is not as sensitive to variations in the shunt resistance. As a result, RSH can be assumed to be infinite; 
that is, the circuit is an open circuit. The current-voltage characteristics of a solar cell can be described by 
Equation (1):  

( ( )) ( )exp 1S S
PH S

B SH

q V R I V R II I I
A K T R

  × + × + ×
= − − −  × ×  

 (1) 

where I and V are the output current and voltage of the solar cell, respectively; IPH and IS are the 
photocurrent and saturation current, respectively; KB = 1.38 × 10−23 J/K and q = 1.6 × 10−19 C are 
Boltzmann’s constant and the elementary charge, respectively; A is an ideality factor with a value 
between 1 and 2. 

 

Figure 1. Equivalent circuit of a photovoltaic (PV) cell. 

To produce higher current and voltage, modules are connected as a PV array in different 
configurations, for example, series-parallel (SP), total-cross-tied (TCT) and bridge-link (BL);  
each configuration has certain advantages and disadvantages [40]. In the SP configuration, which was 
selected for use in this work, the modules are connected in a series in a string to produce higher 
current; then, these strings are connected in parallel to produce higher voltage. When the modules in a 

 

G

IL

  ISH

I

+   
RSH

-

  RS +

-

V

Diode



Energies 2015, 8 12120 
 

 

string are connected in series, the current of the string is equal to the lowest value of the module’s 
current. Thus, if any partial shading of the PV system occurs due to the presence of obstacles such as 
trees, birds, or clouds, the current of the module under reduced illumination is reduced and the 
generated power of the affected module is dissipated by the low-illumination conditions, thereby 
resulting in hot spot problems in the affected module. When modules are connected in series, the 
decreasing current in the module reduces the current of the string and consequently reduces the total 
power of the array. To solve these problems and to avoid the dissipation of power in PV modules, 
bypass diodes are connected in parallel to each module. When the module is shaded in a string, the module 
is short-circuited by forward biasing the related bypass diode. However, by installing these bypass 
diodes, multiple peak power points are created for the PV system. Among these peak powers,  
one point has the highest power, which is called the global maximum power point (GMPP), and  
the other points are local maximum power points (LMPPs). In addition to the bypass diode, to protect 
the effect of the resulting potential differences between the series-connected strings, a blocking diode 
is connected in series with each string. 

2.2. Mathematical Model of PV Array under Uniform and Partially Shaded Conditions 

In the series-parallel (SP) configuration, as shown in Figure 2, the modules are connected in series 
as strings, and then, multiple strings are connected in parallel. The voltage VM and current IM of a PV 
module formed by NS × NP solar cells are defined as follows: 

M PI N I= × , 
SC P SCMI N I= ×  (2) 

OC S OCMV N V= × , M SV N V= ×  (3) 

where NS is the number of cells connected in series and NP is the number of the cell’s columns in a 
module connected in parallel. In both equations, the subscript M denotes a module, and subscripts 
without M denote an individual solar cell. As shown in Figure 2, if NSM presents the number of 
modules connected in a string and NPM represents the number of strings connected in parallel in a PV 
array, the output voltage and the current of the PV array under identical conditions can be defined as 
follows [41,42]: 

PM MAI N I= × , 
SCMSCA PMI N I= ×  (4) 

MA SMV N V= × , 
OCA OCMSMV N V= ×  (5) 

SM
SA SM

PM

NR R
N

=  (6) 

where RSM and RSA are the total resistances of the PV module and the array, respectively. The output 
current of a PV array under uniform conditions can be derived as follows, whereas the subscripts A and 
M denote “Array” and “Module”, respectively: 

( ) ( )( )exp ( ) / ( ) exp ( ) / ( ) 1
PM SCM

SCM

OCM SA SM

A
S B A A B S

N II
q V N K T q V R I A K T N N

I ×
= −

 × × × × + × × × × × − 
 (7) 

By using Equation (7), the I-V and P-V characteristics of a PV array under uniform conditions is 
obtained. To analyze the behavior of the proposed MPP algorithm, the I-V and P-V curves of a PV 
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array under PSCs are required. In [28], an approximate model of a PV array under PSCs for the SP 
configuration is presented. By referring back to Figure 2, X denotes the string number and NDX denotes 
the number of shaded modules in the Xth string. Under uniform conditions, NDX is zero. In this model, 
one bypass diode is connected in parallel with each module, and the voltage drop across the bypass 
diode of shaded module is assumed to be zero. In addition, the PV array is composed of  
NSM × NPM modules. Under partially shaded conditions, the related equations can be expressed  
as follows: 

1

PMN

A AX
X

I I
=

= ∑  (8) 

1

PM

SCA SCAX

N

X
I I

=
= ∑  (9) 

( )AX SM DX MV N N V= −  (10) 

( )OCAX SM DX OCMV N N V= −  (11) 

( )SAX SMDXSMN N RR = −  (12) 

where IA and ISCA are the output current and the short-circuit current of the PV array under PSCs, 
respectively. VAX and VOCAX denote the output voltage and open-circuit voltage in the XTH string, 
respectively, and RSAX denotes the resistance in the Xth string. 

 

Figure 2. Series-parallel (SP) configuration of Photovoltaic (PV) array. 
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3. DC-DC Boost Converter 

The boost converter is a switch mode power supply that is used to increase the output voltage.  
As shown in Figure 3, the ideal topology of the boost converter is composed of an inductor, capacitor, 
switch and diode. 

 

Figure 3. Topology of boost converter. 

The voltage conversion ratio M(D) can be defined as follow [43]: 
1( )

(1 )g

VM D
V D

= =
−

 (13) 

where V and Vg are the output and input voltages of the boost converter, respectively, and D is the duty 
cycle, which is defined as the ratio of the turn-on duration to the switching time period (TS). 

4. Maximum Power Point Tracking (MPPT) Based on a Linear 

Function under Partially Shaded Conditions (PSC) 

As explained in Section 2, there are different configurations for PV arrays, which are selected 
according to application. In this paper, the SP configuration is considered to investigate the behavior of 
the new MPPT algorithm under PSCs. Figure 4 shows the failure of the usual MPPT under PSCs for 
one scenario of shadowing; at the onset of the PSCs, the MPP drops as its voltage remains constant. 
Thus, the new MPP is located immediately below the MPP of uniform illumination, but as clearly 
shown, the new location is not the GMPP. 

 

Figure 4. Failure of the maximum power point tracking (MPPT) algorithm to find the 
global maximum power point (GMPP). 
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In [39], the linear function method, which is defined by Equation (14) [39] is used to find the 
GMPP by shifting the reference voltage to the new operating point, followed by using the incremental 
conductance (IC) method. 

A
PVnew

A

OC

SC
ref

VV I
I

= ×  (14) 

Vrefnew is the new reference voltage under PSCs; VOCA and ISCA are the open-circuit voltage  
and short-circuit current of the PV array, respectively; and IPV is the current of the PV array when the  
PS occurs. 

The weakness of this work is that the presumed scenario is the only one in which the first MPPT 
obtained after transferring the operating point is considered as the GMPP. However, there are other 
shadow scenarios that contradict this assumption. In Figures 5 and 6, the I-V and P-V curves for  
two different complicated shading scenarios are presented, which clearly show that the linear function 
method is not uniquely successful in finding the GMPP. 

 
(a) 

 
(b) 

Figure 5. Tracking of the GMPP based on the linear function method for the first case of 
the complicated scenario (a) I-V curve and (b) P-V curve. 
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(a) 

 
(b) 

Figure 6. Tracking of the GMPP based on the linear function method for the second case 
of the complicated scenario (a) I-V curve and (b) P-V curve. 

In this paper, a new hybrid method for determining the GMPP under shaded conditions is proposed, 
in which the search zone is determined by a modified linear function. In previous works, the approach 
required a search of all of the operating points from zero to the open-circuit voltage, which presents 
many problems, such as the need for additional circuits for measurements and additional switches.  
In the following, mathematical analysis, for the first time, is performed to prove that the GMPP is not 
on the left side of the new reference voltage. 

In this analysis, two significant factors should be considered: 

(1) The open-circuit voltage and short-circuit current methods are alternative techniques for 
obtaining the MPP. The open-circuit method is based on the relationship between the voltage of 
the PV array at the maximum power point (VMPP) and the open-circuit voltage of the PV array 
(VOCA). The short-circuit current method is based on the relationship between the current of the 
PV array at the MPP (IMPP) and the short-circuit current of the PV array (ISCA). In these methods, 
the voltage and current at the MPP are approximately 80% of the open-circuit voltage and 92% 
of the short-circuit current, respectively [44–46]. 
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(2) In PSCs with multi-peak power points, the distance between peak powers are integral multiples 
of 80% of the open-circuit of the PV module (n × 0.8 × VOC_Module), where n is an integer. If the 
minimum number of different levels of the shaded modules in the strings is one, then the 
minimum value of n is one. In other words, the minimum distance between two consecutive 
peaks is 0.8 × VOC_Module. 

To prove that the GMPP is not on the left side of the new reference voltage which is created by the 
linear function, general mathematical functions are obtained and then these obtained functions are 
considered for a PV array that consists of four strings and five modules per string to show the 
mathematical calculations. This proof is also applicable to the general PV array with NPM × NSM 
configuration. For this investigation, five general stages that cover different scenarios are considered, 
and the results are presented in Table 1, where nPS is the number of strings that have shaded modules, 
Vref is the new reference voltage created under PSCs and calculated by Equation (14), nMPP is the 
number of peak powers in a related stage, and K is the calculated integer value (the number of shaded 
modules in the string) where the maximum power peaks are on the left side of Vref. 

Table 1. Mathematical analysis from the results based on the linear function. 

Stage 
Parameter 

1 2 3 4 5 

nPS 1 2 2 3 3 
Vreff 0.69VOCA 0.46VOCA 0.46VOCA 0.23VOCA 0.23VOCA 
nMPP 2 2 3 2 4 

K 1, 2, 3, 4 3, 4 3, 4 4 4 
IMPP_1 0.69ISCA 0.46ISCA 0.46ISCA 0.23ISCA 0.23ISCA 
VMPP_1 0.8VOCA 0.8VOCA 0.8VOCA 0.8VOCA 0.8VOCA 
PMPP_1 0.552VOCA×ISCA 0.368VOCA×ISCA 0.368VOCA×ISCA 0.184VOCA×ISCA 0.184VOCA×ISCA 
IMPP_2 0.92ISCA 0.92ISCA 0.69ISCA 0.92ISCA √ 
VMPP_2 0.48VOCA 0.32VOCA 0.32VOCA 0.16VOCA √ 
PMPP_2 0.44VOCA×ISCA 0.294VOCA×ISCA 0.22VOCA×ISCA 0.147VOCA×ISCA √ 
IMPP_3 - - 0.92ISCA - √ 
VMPP_3 - - 0.16VOCA - √ 
PMPP_3 - - 0.147VOCA×ISCA - √ 
IMPP_4 - - - - 0.92ISCA 
VMPP_4 - - - - 0.16VOCA 
PMPP_4 - - - - 0.147VOCA×ISCA 

In the first stage, only one string has shaded modules, and the other strings are not under a shadow; 
thus, two different voltage levels exist. The number of peaks under shaded conditions in the P-V curve 
is equal to the number of different voltage levels that exist between strings; as a result, in this stage, 
two peak powers exist. As shown in Figures 5 and 6, when shadowing occurs, the MPP decreases 
while its corresponding voltage remains approximately 0.8 × VOCA. The value of the current at this 
point is calculated as follow: 

_
( ) 0.92 A

PM PS
MPP PS SC

PM

N nI I
N
−= ×  (15) 
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where nPS is the number of strings that have shaded modules. The new reference voltage for obtaining 
the new operating point under PSCs should be calculated by Equation (14), for which IPV is determined 
by Equation (15), where it is equal to IMPP-PS. Thus, this stage has only one string with shaded modules, 
and the reference voltage is acquired for NPM and nPS equal to 4 and 1, respectively, by using  
Equations (14) and (15): 

0.693 0.92
4 OCA

A A
PV SCAref

A A

OC OC

SC SC
V V

V VI I
I I

== × = × ×  (16) 

By increasing the number of shaded modules in the string, the second MPP is shifted by an integral 
multiple of 80% of the open-circuit of the PV module as follows: 

_ 2 0.8 0.8MPP OCA OCA
SM

V KV V
N

 
 
 

= − ×  (17) 

)(0.8 0.8 OCA
PVOCA OCA

SM SCA

VKV V I
N I

− × ×<  (18) 

where K as it is mentioned is considered to be the number of shaded modules in the string for different 
scenarios of shadowing that shift the location of the possible MPP (which may have different integer 
values). The MPP is located on the left side of the new reference voltage if Equation (16) is more than 
Equation (17); thus, by solving Equation (18), the integer values for K are determined. The obtained 
values of K have their own specific values of IMPP; therefore, the analysis should begin by evaluating 
the possibility that the GMPP is located on the left side of the new reference voltage. Figure 7 shows 
the different zones for the voltage of the PV array in the P-V and I-V curves, where the MPP can be 
located in the zones according to the scenarios. 

For the first stage, in which only one string has shaded modules, the lowest value of K is obtained to 
be 1 by solving Equation (18); consequently, VMPP_2 will be 0.64VOCA. The calculated values for Vref 
and VMPP_2 are in the same zone (D), as shown in Figure 7, and thus, the second value of K must be 2. 
By substituting 2 for K in Equation (17), VMPP_2 will be 0.48VOCA, and the corresponding value of 
IMPP_2 is 0.92ISCA. The maximum power values for the two power peaks in this stage are obtained  
as follows: 

_1 0.8MPP OCAV V= , _1
3 0.92
4MPP SCAI I= ×  ⇒  

_1 _1 _1 0.552MPP MPP MPP OCA SCAP V I V I= × = ×   

_ 2 0.48MPP OCAV V= , 
_ 2 0.92MPP SCAI I=  ⇒ 

_ 2 _ 2 _ 2 0.4416MPP MPP MPP OCA SCAP V I V I= × = ×   

0 0.2Voc 0.4Voc 0.6Voc 0.8Voc Voc

A EB DC

 

Figure 7. Zones for the possible MPPs. 
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The maximum power for the second MPP is observed to be lower than the value for the first one. 
From Equation (17), VMPP_2 is determined to decrease with increasing K and is located in zones A, B 
and C; consequently, PMPP_2 is reduced. This analysis demonstrates that all MPPs on the left side of the 
reference voltage are not the GMPP. 

In the second stage, two strings are under a shadow and the number of shaded modules in the strings 
is assumed to be same; as a result, two different voltage levels exist, which results in two MPPs. The 
reference voltage is determined to be 0.46VOCA, which is calculated using Equation (14). By solving 
Equation (18), the values obtained for K to locate the MPP on the left side of the reference voltage are  
3 and 4. In Table 1, the current, voltage and power values of the second MPP for K equal to 3 are 
shown, and the power for the second MPP is less than that of the first MPP. Additionally, according to  
Equation (17), the voltage of the second MPP for K equal to 4 is reduced; consequently, the 
corresponding power is also reduced. This finding proves that the MPPs on the left side of the 
reference voltage are not the GMPP. 

In the third stage, the PV array has two strings with shaded modules, but the numbers of shaded 
modules in the two strings are not equal. In this case, there are three different levels of voltage that 
create three peak powers. By solving Equation (18), the integer values of K for locating the MPP on 
the left side of reference voltage are obtained, as presented in Table 1. For K is equal to 3, the 
corresponding voltage of MPP is 0.32VOCA, which is in zone B, and the corresponding maximum 
power is 0.22VOCA×ISCA, which is lower than the first maximum power value in this stage. For K is 
equal to 4, the value of maximum power is 0.147VOCA×ISCA, which is also lower than the two other 
peak powers. In the fourth and fifth stages, the PV array with three shaded strings is considered,  
in which, for the fourth stage, the numbers of shaded modules in the strings are equal, but in the  
fifth stage, they are not equal; as a result, the numbers of peak powers in the fourth and fifth stages are  
2 and 4, respectively. By solving Equation (18) for these two stages, the MPPs are determined to be 
located on the left side of the reference voltage when K is equal to 4; thus, as presented in Table 1, the 
peak power value is less than the peak powers located on the right side of the reference voltage.  
In Table 1, the values for the MPPs located on the right side of the reference voltage are indicated by 
check marks and can adopt different values for various values of K. According to the results presented 
in Table 1, the GMPP cannot be located on the left side of the reference voltage; consequently,  
the search zone is reduced, thereby minimizing the time required to obtain the GMPP. 

5. Proposed Dual Search MPPT Algorithm 

The proposed method is based on a dual search, in which the search zone is reduced from the left 
side of the P-V curve and, simultaneously, the controller starts to scan the possible MPPs at the right 
side of the P-V curve. In this case, the both side of the GMPP are considered at the same time by 
limiting the search zone and simultaneously scanning from right to left. During scanning, the possible 
MPPs are identified; finally, after detecting the exact location of the GMPP, the modified P & O 
method is implemented to obtain the GMPP. In the P & O method, the voltage of the PV is perturbed, 
and then, the obtained power is measured. When both voltage and power increase, the duty cycle must 
be adjusted to increase the voltage; however, if the voltage increases and the power decreases, then the 
voltage should be reduced. Similarly, when the voltage decreases and the power also decreases, then 
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the duty cycle must be adjusted to increase the voltage; in addition, when the voltage decreases and the 
power increases, the voltage should be reduced to move the operating point to MPP. In this algorithm, 
a modified linear function is proposed; moreover, other important factors are incorporated to reduce 
the search time of the GMPP, as described further below. The modified linear function is as follows: 

_ )(αA A

A M

OC OC
PVref mod

SC S

V VV I
I N

 
 
 

= × + ×  
(19) 

where Vref_mod is the new operating point under PSCs. In this equation, the second term  
(α × (VOCA/NSM)) has a significant effect in reducing the time required to achieve the MPP. Moreover, 
in Equation (19), the value of α should be adjusted carefully because an inappropriate value of α can 
lead to a shift in the new operating point to the wrong MPP zone and can miss the GMPP. As noted 
above, the minimum different level of the shaded modules in strings is one, thus the minimum value of 
n is one. In other words, the minimum distance between two consecutive peaks is 0.8 × VOC_Module. So, 
α should be adjusted to the value which avoids shifting the new reference voltage to the other peak 
powers. Thus, the maximum value for α is 0.8 and selecting the smaller value can lead to shift the 
reference voltage to wrong zone. For example, as shown in Figure 8, A or B is the location of the 
reference voltage that can shift to A1 and A2 or B1 by considering Equation (19), which leads to 
obtain the first MPPT in less time after transferring the operating point. In this work, according to 
investigations and analyses of P-V curves under PSC, the value of α is chosen as 0.75.  

 

Figure 8. The possible location of new reference voltage. 

By changing the climate conditions, both the short-circuit current and the open-circuit voltage in 
Equation (19) are updated by the following equations, where GT and TC are the irradiation and 
temperature under the new conditions, respectively [47,48]:  
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(21) 

where λ and β are the corrective coefficients of temperature for current and voltage, respectively, and δ 
is a corrective coefficient for solar irradiation. In Equations (20) and (21), the subscript zero indicates 
the standard reporting condition (SRC). In most studies, the temperature is assumed to be constant, 
which leads to the simplification of Equations (20) and (21). 

The following are critical points to be considered based on the analysis and study of the P-V curves 
of the PV array used in the proposed algorithm: 
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1. Based on the above-described analyses, the GMPP is not on the left side of the new reference 
voltage created by the modified linear function. 

2. In P-V curves with multi-peak powers, when the GMPP is obtained, the magnitude of the 
subsequent MPPs decreases from either side. 

3. The minimum distance between two consecutive MPPs is 0.8 × VOCM. 
4. When the duty cycle is the output of the P & O method, the PID controller is not needed, and 

consequently, the controller will be simplified. 
5. By carefully adjusting the step size of the duty cycle, the time required to reach the MPP and 

the overshoot and oscillations are significantly reduced, which can increase the efficiency of 
the system. 

6. In the modified linear function, the open-circuit voltage and the short-circuit current of the PV 
array are the most important parameters that should be updated by changing the irradiation to 
obtain the correct value of the new reference voltage. 

Figure 9 shows a flowchart of the proposed algorithm for finding the GMPP under uniform 
condition and PSCs. According to this algorithm, as shown in blocks 1 and 2 (B-1 and B-2), the 
voltage and current of the PV array at instants k and k − 1 are measured, and by using the modified P & 
O, the operating point is adjusted to the MPP. The difference in power between instants k and k − 1 are 
continuously calculated: if the difference is greater than a critical value (ΔPCrit), then partial shading 
occurs (B-4). The new reference voltage is calculated using the modified linear function, and the 
values of the power and voltage are stored (B-5). The existing operating point should be shifted to a 
new reference voltage (B-6), and thus, by considering the relation between the input and output 
voltages of a boost converter with a duty cycle, the controller should increase the duty cycle (B-7) to 
adjust the operating point to the neighbor of the new reference voltage. The value of ε1 should be 
adjusted carefully because an inappropriate value can lead to miss the first MPPT after transferring the 
operating point (Pref). The value of ε1 is set to 0.4 to ensure the modified P & O is able to start,  
for obtaining the MPP at neighbor of the specified point, and if using the bigger value for ε1 may lead 
possibility of finding another MPP. During the time when the operating point is conducted near the 
reference voltage, simultaneously, the controller should recognize and store the possible MPPs on the 
right side of the new reference voltage. As shown in Figure 10, at the right side of the possible MPP, 
dp/dv is negative (B-8) and at the left side it is positive. When dp/dv becomes positive (B-9),  
the second MPP under PSCs is obtained, and the related values of power and voltage are stored (B-11).  
At the onset of the PSCs, the MPP drops as its voltage remains nearly constant; thus, the first MPP under 
PSCs is located just below the MPP under uniform conditions. The parameter j is used to count the 
number of possible MPPs obtained by scanning, and thus, when the first MPP is specified by scanning, 
j will be equal to 1 (B-10). The scanning and storing of possible MPPs are continued until the existing 
operating point reaches the new reference voltage (B-6); then, by using the modified P & O method, the 
power and voltage of the MPP at the new reference operating point are acquired and stored as Pref and 
Vref, respectively (B-13). In certain scenarios of shading, Pref is the same as the first MPP after shading 
(Pa); thus, to determine whether Pref is the same as Pa, the difference in voltage between these obtained 
points should be measured. If the difference is less than a predetermined value (ε2) (B-14), Pa is the 
same point as Pref and Pref is the GMPP (B-15); otherwise, Pref should be compared with the last stored 
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MPP during scanning (B-16). The value of ε2 is considered 1 because at the start of the PSCs, it is 
possible for algorithm to store the voltage value (Va) during oscillation. According to the above-mentioned 
list of points to consider, if Pref is greater than the last stored value of power, Pref is the GMPP (B-17); 
otherwise, the duty cycle should be reduced (B-18) to ensure the next MPP can be reached (B-19); 
then, the values of power for j and j-1 are compared to find the GMPP (B-23). The value of j should be 
checked frequently to determine whether an operating point is the same as Pa exists (B-25). If j is equal 
to 1, then the current MPP can be the first MPP after Pa or the same as Pa. In the case where the 
difference between the voltage of the existing point for the MPP and Va is less than a predetermined 
value (ε2) (B-26), Pa is the GMPP (B-27); otherwise, the MPPs of P(j) and Pa for j equals to 1 should  
be compared (B-28). If P(j) is greater than Pa, then P(j) is the GMPP (B-29); otherwise, Pa is the  
GMPP (B-30). 

 

Figure 9. Flowchart of the proposed algorithm.  

 

Figure 10. Change of dp/dv in both sides of MPP. 

Measure I and V
P=I×V

ΔP=P(k)-P(k-1)
ΔV=V(k)-V(k-1)

  P&O*

ΔP>ΔPcrit

Vref=((VocA/IscA)×Ipv)+(α.VocA/NsM)
Pa=Pk    ,   Va=Vk

|Vref-Vk|<ε1

D=D+d

(dP/dV)<0

(dP/dV)>0

j=j+1

Store values
P(j)=Pk
V(j)=Vk

Store values
Pref=Pk
Vref=Vk

Pref>P(j)

D=D-d

|V(j)-Va|<ε1

  P&O*

(dP/dV)<0

P(j)>P(j-1) PGmpp=P(j)
VGmpp=V(j)

j=j-1

j=1

|V(j)-Va|<ε2

P(j)>Pa

PGmpp=Pa
VGmpp=Va

PGmpp=Pa
VGmpp=Va

PGmpp=P(j)
VGmpp=V(j)

YES

YES

NO

NO

NO

YES

YES

NO

NO
YES

NO

YES

YES

NO

NO

YES

NO

YES

YES

NO

NO

YES

1

2

3

4

6

7

8

9

10

11

12
13

14

15

16

17
18

19

20

21

22

23

24

25

26

27

28

PGmpp=Pref
VGmpp=Vref|Vref-Va|<ε2

YES

NO

30

YES

5

PGmpp=Pref
VGmpp=Vref

  P&O*

29

Measure I and V
P=I×V

ΔP=P(k)-P(k-1)
ΔV=V(k)-V(k-1)

ΔP>0

ΔV>0 ΔV>0

D=D-d D=D-dD=D+d D=D+d

*P&O

NO YES

NOYESNO YES

dp/dv<0

dp/dv>0
dp/dv<0

dp/dv<0

dp/dv>0

dp/dv>0

P

V



Energies 2015, 8 12131 
 

 

The P & O method is used extensively because of its high tracking accuracy at the steady state, 
flexibility to adapt to rapidly changing atmospheric conditions, and simplicity in application. Despite 
these advantages, the P & O method also has its drawbacks, such as a longer time to reach the MPP 
and the overshoot and oscillation of power around the MPP, which leads to a waste of some of the 
available energy. These drawbacks can be reduced by controlling the step size d that is added or 
subtracted to the duty cycle (D = D ± d). In this paper, by considering the following points, the P & O 
method is modified and the aforementioned drawbacks are reduced: 

(A) When PSCs do not occur, according to Equation (13), the PV voltage should increase rapidly to 
reach the MPP, and thus, a greater value of d is selected, which leads to a decrease in the time 
required to reach the MPP. 

(B) When the MPP under uniform condition or the GMPP under PSCs is obtained, the value of d 
should be adjusted to be lower so that the overshoot and oscillations can significantly be reduced. 

(C) Under PSCs, a large value of d should be selected to reach the operating point near the new 
reference voltage point, as calculated by Equation (19). 

(D) When the existing operating point is near the new reference voltage, such as in blocks 6 and 19, 
a small value of d should be selected to avoid missing the new operating point. 

6. Simulation Results 

In this work, simulation works are performed using MATLAB/Simulink to investigate the operation 
of the proposed DSMPP algorithm under PSCs. The considered PV array is based on KC40T PV 
modules connected in the SP configuration with four strings, and in each string, five modules are 
connected in series. The key specifications of the module are presented in Table 2, based on the 
manufacturer’s data sheet. The DSMPP is implemented in the system as shown in Figure 11 which 
includes a PV array, a boost converter, an MPPT controller, and input filters. For the boost converter, 
the input capacitance is 1500 µF, the inductance is 200 µH, the output capacitance is 500 µF, and the 
load resistance is 50 Ω. The switching frequency of the system is 22 kHz. To evaluate the operation of 
the proposed algorithm, different complicated scenarios of shadowing are considered for simulation 
and practical parts in order to evaluate the operation of the DSMPP, which cover almost all of the 
shapes of the P-V curve under PSCs. 

Table 2. Specifications of Solar KC40T at 1000 W/m2 and 25 °C. 

Parameters Values 
Power in maximum point, MPP 43 W 
Voltage in maximum point, VMPP 17.4 V 
Current in maximum point, IMPP 2.48 A 

Open circuit voltage, VOC 21.7 V 
Short circuit current, ISC 2.65 A 

Temperature coefficient of VOC −0.0821 V/°C 
Temperature coefficient of ISC 0.00106 A/°C 
Number of cells per module 36 
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Figure 11. Configuration of system. 

In order to investigate the behavior of the system, the scenarios of shadowing which are shown in 
Figure 12a,b are considered for the simulation part. Specifically, in Figure 12a, three strings have 
shaded modules, where the numbers of shaded modules in the strings are different. Meanwhile,  
in Figure 12b, three strings have shaded modules, but the numbers of shaded modules in two strings are 
the same; thus, there are three different levels of voltage, and consequently, three peak powers exist. 

 
(a) 

 
(b) 

Figure 12. P-V curves for (a) first scenario of shadowing and (b) second scenario of shadowing. 
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To further evaluate the performance of the proposed DSMPP method, the simulation for the 
scenarios depicted in Figure 12 have been done in MATLAB/Simulink, which involves three systems 
(S1, S2 and S3). In the first system (S1), the DSMPP method is implemented. In the second system 
(S2), the linear function method [39] is used. In the third system (S3), two-stage method [33] is used to 
find the GMPP under partially shaded conditions. The simulation results for the considered systems are 
summarized in Table 3 which has some abbreviations that are defined as follows: 

SOP: Status of operation; 
TGMPP: The global maximum power point reaching time (s); 
Pave_uni: The average maximum power point value in uniform condition (W); 
Pave_PSC: The average maximum power point value under PSC (W); 
Pripp_uni: The oscillation in power in uniform condition (W); 
Pripp_PSC: The oscillation in power under PSC (W). 

In Figure 13, the simulation results for the scenario depicted in Figure 12a are shown. The calculated 
reference voltage is approximately 25 V and the related MPP is 280 W. According to the linear 
function method [39] implemented in S2, under PSCs, the MPP with related to the new reference 
voltage should be the GMPP; however, as shown in Figure 13, S2 fails to find the GMPP, and a LMPP 
with a value of 280 W is detected. For S1 and S3, where DSMPP and two-stage methods are implemented 
respectively, the GMPP is obtained correctly. However, by comparing both, S1 can clearly find the 
GMPP in less time and the search time is significantly reduced. As shown in Table 3, TGMPP for S1 and 
S3 are 0.07 and 0.074 s respectively. Moreover, the oscillation in power decreases significantly for S1 
which the oscillation values for S1 and S3 are 1 and 4 W, respectively, when the GMPP is obtained 
(Pripp_PSC). In comparing the proposed method (S1) with S2 and S3 in terms of oscillation in power in 
uniform condition (Pripp_uni), S1 decreases the oscillation value significantly, and the values for S1, S2 
and S3 are 0.3, 5 and 10 W, respectively. In terms of overshoot, S1 does not have any overshoot, 
which may be largely attributed to implementation of the modified P & O. By reducing the oscillation 
and overshoot while obtaining the GMPP, the system becomes more stable and the maximum available 
energy is reached. 

Table 3. The simulation result for S1, S2 and S3. 

Items 
System 

Scenario SOP TGMPP Pave_uni Pave_PSC Pripp_uni Pripp_PSC 

S1 12a Successful 0.07 860 359.5 0.3 1 
S2 12a Failed - 858 - 5 - 
S3 12a Successful 0.074 855 358 9 4 
S1 12b Successful 0.0545 860 398 0.3 0.1 
S2 12b Failed - 858 - 5 - 
S3 12b Successful 0.0563 855 397 9 1.5 

Next, the simulation results for the scenario depicted in Figure 12b are shown in Figure 14. Under 
PSCs, the new reference voltage is approximately 25 V, and according to Figure 12b, the related MPP 
value is 380 W. As shown in Figure 14, again, S2 fails to find the GMPP, and only a LMPP with a 
value of 380 W is obtained. However, by using S1 and S3, the GMPP is obtained. Between both,  
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the time required to reach the GMPP (TGMPP) for S1 (0.0545 s) is less than S3 (0.0565 s). In addition, 
the oscillation in power (Pripp_PSG) for S1 is also less than S3 when the GMPP is obtained, with the 
values of 0.1 and 1.5 W, respectively. 

 

Figure 13. PV output powers for the scenario of Figure 12a.  

 

Figure 14. The PV output power for the scenario depicted in Figure 12b. 

7. Hardware Implementation 

The experimental setup for the proposed PV system has been developed as shown in Figure 15. To 
implement the proposed DSMPP algorithm, the digital signal processing (DSP) TMS320F28335 
controller is used. The programmable solar array simulator power supply 62100H-600S series is used 
to generate I-V and P-V curves under partial shaded conditions. This solar array simulator provides 
simulation of open-circuit voltage up to 1000 V and short-circuit current up to 25 A. To further 
investigate the performance of the proposed DSMPP method in practice, three systems (S1, S2 and S3) 
are considered which are mentioned previously. To evaluate the operation of the proposed algorithm, 
different scenarios of shadowing are considered for experimental analysis. 
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The scenario which is shown in Figure 16 is considered to investigate the effectiveness of the 
proposed method in reality which the experimental results for this scenario are shown in Figure 17. 
According to the linear function method [39] implemented in S2, under PSCs, the MPP related to the 
new reference voltage should be the GMPP; however, as shown in Figures 16b and 17, S2 fails to find 
the GMPP, and a LMPP with a value of 278.8 W is detected. For S1 and S3, where DSMPP and  
two-stage methods are implemented, respectively, the GMPP is obtained correctly. However,  
by comparing both, S1 can clearly find the GMPP in less time and the search time is significantly 
reduced where TGMPP for S1 and S3 are 22.64 and 24.68 s, respectively. Moreover, the oscillation in 
power decreases significantly for S1 in which the oscillation values for S1 and S3 are 4.5 and 11.6 W, 
respectively, when the GMPP is obtained (Pripp_PSC). The performance of current and voltage of PV 
array for the scenario of Figure 16 for the proposed DSMPP algorithm is shown in Figure 18 which are 
from the time PS happens till when the GMPP is obtained. 

 

Figure 15. Experimental setup for proposed PV system. 
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(b) 

Figure 16. P-V and I-V curves under PSC (a) the detected GMPP by S1 and S3 and  
(b) The failed detected GMPP by S2.  

 

Figure 17. PV output power for the scenario of Figure 16. 

 

Figure 18. The performance of voltage and current for the scenarios of Figure 16 by 
implementing DSMPP method.  

10 20 30 40 50 60 70 80 90
100

200

300

400

500

Time (S)

PV
 P

ow
er

 (W
)

 

 

10 20 30 40 50 60 70 80 90
100

200

300

400

500

Time (S)

PV
 P

ow
er

 (W
)

 

 

10 20 30 40 50 60 70 80 90
100

200

300

400

500

Time (S)

PV
 P

ow
er

 (W
)

 

 

S3

S1

S2TGmpp

Global Maximum

Local Maximum

TGmpp

TGmpp

Global Maximum

Local Maximum

Local Maximum

Local Maximum

Voltage

Current



Energies 2015, 8 12137 
 

 

The experimental results for the scenario depicted in Figure 19 are shown in Figure 20. As shown in 
Figures 19b and 20, again, S2 fails to find the GMPP, and only a LMPP with a value of 380.8 W is 
obtained. However, by using S1 and S3, the GMPP is obtained. Looking at both, the time required to 
reach the GMPP (TGMPP) for S1 (20.76 s) is less than S3 (24.08 s). In addition, the oscillation in power 
(Pripp_PSG) of S1 is also less than S3 when the GMPP is obtained, with values of 3.8 and 9.6 W, 
respectively. In Figure 21, the performance of voltage and current for the scenario of Figure 19 for the 
proposed DSMPP algorithm is shown. 

 
(a)  

 
(b)  

Figure 19. P-V and I-V curves under PSC (a) The detected GMPP by S1 and S3 and  
(b) The failed detected GMPP by S2  
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Figure 20. PV output power for the scenario of Figure 19. 
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Figure 21. The performance of voltage and current for the scenarios of Figure 19 by 
implementing the DSMPP method. 

The scenarios of shadowing which are shown in Figure 22 are considered to verify the operation of 
the proposed method. Figures 23 and 24 show the experimental results for the scenarios depicted in 
Figure 22a,b respectively. As shown in Figure 23, under PSCs, the GMPP can be found by S1, S2 and 
S3, but S1 can obtain the GMPP faster than S2 and S3. The times required to reach the GMPP (TGMPP) 
are approximately 5.2, 13.88 and 21.8 s for S1, S2 and S3, respectively. By using the modified P & O 
method in S1, the oscillation in power is significantly reduced, as the values for S1, S2 and S3 at the 
GMPP (Pripp_PSC) are 4.5, 14.2 and 12.5 W, respectively. 

As shown in Figure 24, under PSCs, the GMPP can be found by S1, S2 and S3, but S1 can obtain 
the GMPP faster than S2 and S3 can; the times required to reach the GMPP (TGMPP) are approximately 
15.72, 23.48 and 27.24 s for S1, S2 and S3, respectively. By using the modified P & O method in S1, 
the oscillation in power is significantly reduced, as the values for S1, S2 and S3 at the GMPP 
(Pripp_PSC) are 3.2, 10.3 and 11.1 W, respectively. The performance of current and voltage of PV array 
for the scenarios of Figure 22a, and Figure 22b for the proposed DSMPP algorithm are shown in 
Figure 25 respectively, which are measured from the time PS happens till when the GMPP is obtained. 
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(a) 

 
(b) 

Figure 22. P-V and I-V curves for different scenarios of shading (a) the detected GMPP by 
S1, S2, and S3 and (b) the detected GMPP by S1, S2, and S3  

 

Figure 23. PV output power for the scenario of Figure 22a. 
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Figure 24. PV output power for the scenario of Figure 22b. 
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Figure 25. The performance of voltage and current for the scenarios of (a) Figure 22a and 
(b) Figure 22b by implementing the DSMPP method. 

The scenario which is depicted in Figure 26 is considered for verifying the operation of the 
proposed method and the experimental result for this scenario is shown in Figure 27. As shown in 
Figure 27, for the considered scenario, the GMPP is obtained by S1, S2 and S3, but the time required 
to reach the GMPP (TGMPP) in S1 is less than that in S2 and S3: the times to reach the GMPP are 
almost 13.48, 25.48 and 31.4 s for S1, S2 and S3, respectively. Moreover, the oscillation in power for 
S2 and S3 is greater than that for S1; the GMPP values (Pripp_PSC) are 2.8, 9.2 and 10.4 W for S1 S2 and 
S3, respectively. The performance of current and voltage of PV array for the scenarios of Figure 26 for the 
proposed DSMPP algorithm are shown in Figure 28 which are from the time PS happens till when the 
GMPP is obtained. In Table 4, the experimental results are summarized and the abbreviations are 
defined in Section 5. 
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Figure 26. P-V and I-V curves under partial shading conditions. 

 

Figure 27. PV output power for the scenario of Figure 26. 
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Figure 28. The performance of voltage and current for the scenarios of Figure 26 by 
implementing the DSMPP method. 
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Table 4. The experimental results for S1, S2 and S3.  

Items 
System 

Scenario SOP TGMPP Pave_PSC Pripp_PSC 

S1 16 Successful 22.64 360 4.5 
S2 16 Failed - 278.8 - 
S3 16 Successful 24.68 360 11.6 
S1 19 Successful 20.76 398.4 3.8 
S2 19 Failed - 380.8 - 
S3 19 Successful 24.08 398.4 9.6 
S1 22.a Successful 5.2 429.9 4.5 
S2 22.a Successful 13.88 429.9 14.2 
S3 22.a Successful 21.8 429.9 12.5 
S1 22.b Successful 15.72 417.4 3.2 
S2 22.b Successful 23.48 417.4 10.3 
S3 22.b Successful 27.24 417.4 11.1 
S1 26 Successful 13.48 359.6 2.8 
S2 26 Successful 25.48 359.6 9.2 
S3 26 Successful 31.4 359.6 10.4 

8. Conclusions 

Under PSCs in which multiple peak power points exist in the P-V curve of a PV array, conventional 
methods cannot detect the GMPP. In recent years, researchers have developed different techniques to 
obtain the GMPP, but each of the techniques has drawbacks. This paper successfully demonstrated a 
novel DSMPP algorithm for tracking the GMPP under PSCs. In this method, mathematical analysis is 
performed to estimate the location of possible GMPPs; based on this analysis, the search zone is 
identified, and simultaneously, the possible MPPs that lead to determining the GMPP in the minimum 
time are specified. The proposed method is not limited to specific shapes of P-V curves and can track 
the GMPP under all changing climate conditions with high accuracy. In this work, the P & O method 
based on duty cycle adjustment is used, which is modified to increase the speed of the search and also 
to reduce the oscillation. By using the modified P & O method, the PID controller is no longer 
required, which leads to a decrease in the complexity of the PV system and eliminates certain transient 
behaviors, such as oscillation and overshoots. Therefore, based on the analytical, simulations and practical 
results, it is concluded that the proposed algorithm can obtain the MPP under PSCs in the minimum 
amount of time with the highest accuracy and the minimum oscillations in power, which leads to 
achieve the maximum available energy. This method is not limited to specific scenario of shadowing 
and is able to track GMPP under various climate conditions. 
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