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SUMMARY 

The perturb and observe (P&O) may fail to track the global maximum power point 

(GMPP) under partial shading conditions (PSCs) due to the existence of multiple peak 

functions in its output power characteristic curve of a photovoltaic (PV) array.  Therefore, 

a reliable maximum power point tracking (MPPT) technique is essential to track the global 

maximum power point (GMPP) within an appropriate time. This paper proposes a hybrid 

MPPT technique by combining an evolutionary optimization technique namely the 

modified invasive weed optimization (MIWO) with the conventional P&O algorithm to 

enhance the search performance. MIWO executes in the initial stages of the tracking 

followed by the P&O at the final stages in the MPPT search process. The combined 

approach ensures faster convergence and better search to the GMPP under rapid climate 

change and PSCs. The search performance of the hybrid MIWO-P&O technique is 

examined on a standalone PV system through both MATLAB/Simulink environment and 

experimentally using dSPACE (DS1103)-based real-time microcontroller hardware set 

up. The performance of the proposed hybrid MPPT scheme is compared with the recent 

state-of-the-art MPPPT techniques. In addition, the small-signal analysis of the PV system 

is carried out to evaluate the loop robustness of the controller design. For a given set of 

system parameters, simulations for the small-signal model and robustness studies are 

analyzed to verify the results. The overall results justify the efficacy of the proposed 

hybrid MPPT algorithm. 
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1. INTRODUCTION 

In the past few decades, electricity generation has been increasing significantly using 

renewable energy resources (RESs) across the globe due to the rapid depletion of fossil 

fuels, increased oil prices and global warming [1]. Among the various RESs, solar 

photovoltaic (PV) power is one of the most popular source owing to numerous advantages 

such as it is omnipresent, freely available, absence of rotating parts, low operational cost, 

almost maintenance-free, accommodation in rooftops, environment-friendly etc, [2]. 

However, there are several technical and non-technical challenges observed in PV power 

generation such as low power conversion efficiency, high installation cost, and high 

dependency on atmospheric conditions, etc. [3]. 

In a PV power generation system, the maximum power point (MPP) is a unique point 

in the power–voltage (P–V) characteristics curve at given solar insolation/irradiation and 

ambient temperature and it varies with environmental conditions. To track the nonlinear 

nature of the P-V curve and ensure that the highest possible power is extracted from the 

PV array, a maximum power point tracking (MPPT) technique is an integral part of the 

PV system [3]. To accomplish the optimal performance under uniform and nonuniform 

irradiations and partial shading conditions (PSCs), various MPPT techniques have 

emerged in the last few decades to extract the maximum power and some of them are 

being installed in the PV power generation system successfully. Efficacy of an MPPT 

controller is decided based on its hardware and software implementation complexity, 

robustness, the requirement of several sensors, convergence speed, etc. [7-8].  

The available MPPT techniques are broadly categorized into conventional methods 

[4]-[9], artificial intelligence methods [10]-[12] and bio-inspired methods [13]-[27]. The 

P&O, hill-climbing, incremental conductance, short-circuit current and open-circuit 

voltage techniques are the most popular of conventional methods to MPP tracking [10]. 

However, In PSCs, where there are multiple MPPs in the P–V curve, the conventional 

algorithms may fail in attaining the global MPP (GMPP) among the local MPPs, 

consequently decreasing the overall efficiency of the PV system [3-6]. Concerning the 

multiple-peak issue during PSCs, numerous solutions have been projected by modifying 

the conventional algorithms. 

Meanwhile, the artificial intelligence techniques such as fuzzy logic controller (FLC) 

[4] and artificial neural network (ANN) [13] are suggested in the previous literature. In 

[9], a modified incremental algorithm has been used to track the GMPP under different 

types of partial shading conditions and load variations. To improve the MPPT capability 

of single algorithm further, several hybrid intelligent methods such as fuzzy based 

modified hill climbing [11], fuzzy based ant colony optimization [12], fuzzy logic based 
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variable step incremental conductance method [16], neuro-fuzzy based [17] and genetic 

algorithm (GA)-fuzzy logic are also reported in the literature. These approaches give 

satisfactory results for tracking the GMPP under PSCs. However, the FLC-based MPPT 

schemes require the knowledge base to create rules for tracking and hence, need a large 

memory size. On the other hand, the ANN-based MPPT schemes require huge data for 

training and hence, involve complex computation and storage. To alleviate these problems 

further, several bio-inspired-based MPPT techniques have been proposed in the literature.  

The optimal searching ability without involving excessive mathematical computations 

[19], handling of complex nonlinearity and implementation simplicity make these bio-

inspired algorithms more attractive for solving the MPPT problems, especially under 

PSCs. The Particle swarm optimization (PSO) [20], Ant colony optimization (ACO) [21], 

Fusion firefly algorithm [22], Hybrid BAT-fuzzy controller based MPPT [23], Simulated 

annealing (SA) [24], Flower pollination (FPA) [25], Jaya optimization [26], modified 

butterfly optimization algorithm (MBOA) [27], etc, come under bio-inspired algorithms. 

The MBOA MPPT technique has improved MPPT search performance than PSO, 

differentia evolution (DE) and grey wolf optimization (GWO) techniques under partial 

shading patterns, uniform shading, and load variation conditions [27]. Several hybrid 

MPPT methods are also reported by combining two or more algorithms together for 

further improvement in the above-mentioned single algorithms. These are GWO-FLC 

[28], Particle swarm optimization with perturb & observe (PSO-P&O) [29], Jaya with 

differential evolutionary algorithm (Jaya-DE) [30], the combination of the DE algorithm 

with particle swarm optimization (DEPSO) [31] are such few examples. The overall 

search performances of hybrid computational intelligence algorithms are superior to a 

single computational intelligence technique. However, speed of response, controller 

design complexity, and implementation of hardware cost of hybrid MPPT algorithm is 

still challenging. 

The aforementioned study clearly shows that a significant number of research articles 

are dedicated to solving the MPPT problem especially during PSCs and rapid weather 

change conditions. However, very few reported methods could give a satisfactory solution 

for every possible operating condition. This motivates us to develop a new algorithm that 

can be computationally efficient and have fast convergence to GMPP even under extreme 

weather conditions. In this paper, a new hybrid MPPT technique is proposed where the 

salient features of modified invasive weed optimization (MIWO) are suitably integrated 

with the traditional P&O algorithm. IWO is inspired from colonizing weeds and has better 

robustness, adaptation, and randomness like colonizing weeds [32]. IWO is a population-

based search technique and is widely used in solving many engineering problems [32]. 

The main advantage of IWO is that it can produce new weeds from all weeds. The weeds 

having the best fitness value can produce a greater number of weeds. Similarly, weeds 
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having the worst fitness value can produce a smaller number of weeds around their parent 

weeds. This property improves the convergence of IWO. Further, the new weeds are 

distributed normally over the search space. Normal distribution generates random 

numbers without mating, so any two of the weeds cannot occupy the same position. Due 

to this property, IWO explores the whole search space. 

Due to the above-mentioned features of IWO, it can effectively search the GMPP of a 

PV system under PSCs and extreme weather changing conditions. Hence, combining IWO 

with conventional P&O can significantly enhance the MPPT performance of PV system. 

The main features of this research work are summarized as follows: 

• A hybrid MIWO-P&O computational technique is introduced to track the GMPP 

of the PV system under PSCs. 

• The efficacy of the proposed control technique is validated by comparing it with 

two existing MPPT techniques [27, 28]. 

• The small-signal analysis of the PV system is carried out to analyse loop robustness 

of the controller design with the variation of loads. 

• Both simulation as well as experimental results are presented to verify the search 

performance of the hybrid MIWO-P&O technique under PSCs and variation of 

load. 

The rest of the paper is organised as follows. The modeling of the PV system and the 

effect of partial shading on the performance of the PV module is discussed in Section-2. 

A detail description of the proposed MIWO-P&O-based hybrid MPPT technique is 

provided in Section-3. Simulation and experimental results are provided in Section-4 and 

Section-5, respectively. The small-signal analysis of the proposed PV system is carried 

out in Section-6. In Section-7, the performance of the proposed algorithm is compared 

with the state-of-the-art techniques. Finally, the paper is concluded in Section 8. 

2. PV SYSTEM 

In the present work, the standalone PV system as shown in Fig. 1 is considered 

for performance evaluation of the proposed hybrid MIWO-P&O MPPT algorithm. 

As shown in the figure, the PV system is supplying power to a DC load through a 

boost converter. The switching of the boost converter is controlled by the proposed 

MIWO-P&O algorithm. 
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Figure 1. PV system with boost converter for MPPT 

 

The PV system with shading pattern is simulated in MATLAB [33]. A PV module 

can be considered a voltage-controlled current source connected in parallel with a 

diode [34]. The equivalent circuit of the PV cell is shown in Fig. 2. The PV array is 

described by current-voltage characteristic function [33] as: 
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where, ns and np are the number of cells connected in series and in parallel, q=1.602×10-

19C is the electron charge, K=1.3806·10-23 J/K is Boltzman’s constant, A=2 is the P-N 

junction’s ideality factor, T is the cell’s temperature (K), Iph is the cell’s photocurrent 

which depends on the solar irradiation and temperature, Irs is the cell’s reverse saturation 

current, Vpv is cell voltage.  

𝐼𝑝ℎ = 𝐼𝑠𝑐
𝐺

𝐺∗                                                                                                                        (2) 

where, 𝐺 is the solar irradiance, 𝐼𝑠𝑐  is the short circuit current at standard test condition 

and 𝐺∗ is reference solar irradiance (i.e. 1000 w/m2). 
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Where, IDp represents the current flowing through the diode in Fig. 2.  
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According to P-V characteristics of PV system, PV can generate maximum power at a 

particular voltage which is called as the voltage at maximum power point ( mppV ). The P-V 

characteristics with different levels of irradiance are shown in Fig. 2 under consideration 

of non-uniform irradiance. In this study, the PV system consists of one parallel string and 

each string is asserted with 4 series connected modules. Each module has power rating of 

280W. The PV string during partial shading conditions with different irradiance level are 

simulated as given in Fig.3 as specified in Table-1. 
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Figure 2: Equivalent diagram of PV cell 
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Figure 3. P-V characteristics during partial shading condition 

Table 1: Partial shading patterns of PV string  

Pattern For one PV string  

1 [Partial shading condition-1] 

Modules: 1=1000W/m2, modules: 2=900W/m2, modules: 3=600W/m2, 

modules: 4=300W/m2 

2 

 

[Partial shaded condition-2] 

Modules: 1=800W/m2, modules: 2=600W/m2, modules: 3=500W/m2, 

modules: 4=350W/m2 
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3. MIWO+P&O MPPT ALGORITHM 

A) P&O algorithm 

The P&O algorithm has the advantage of simple software and hardware realization 

[33]. In this implementation, the reference voltage (𝑉𝑚𝑝𝑝) is perturbed in an arbitrary 

direction and the power levels of two consecutive samples are compared. Depending upon 

the sign of the power change, the direction for further perturbation is decided. A feedback 

control loop ensures that the output voltage tracks its reference. The following equation is 

followed to locate the voltage at which the MPP is reached [35]. 
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where, ∆𝑉 and 𝑘 are the step voltage and iteration, respectively. 

However, the conventional P&O algorithm fails to track proper 𝑉𝑚𝑝𝑝 point under partial 

shaded condition because of many local maximum power points as shown in Fig. 4. 

Therefore, the MIWO technique is integrated to P&O algorithm to track the global 

maximum point in all the available maximum power points. With respect to the DC–DC 

converter topology, the boost converter, which is also known as the step-up converter, is 

considered as the most advantageous in this application because of its simplicity, low cost, 

and high efficiency [34]. Hence, in this paper, a boost converter is considered for MPPT 

converter as shown in Fig. 1. A modified IWO (MIWO) algorithm was implemented for 

the effective operation of system under various conditions. 

B) MIWO algorithm 

Invasive weed optimization is a population based stochastic optimization technique 

that is grounded on the behaviour of colonization of weeds [32]. It has been attracting the 

researcher’s attention for a decade. Due to its outstanding characteristics like reproduction, 

spatial dispersal, and competitive exclusion, compared to other the state-of-the-art 

evolutionary algorithms, it has been utilized in many applications of Engineering and 

Sciences. Basically, the following steps are involved in MIWO [32]: 

Step-1: Initialization: A finite number of a population is generated randomly over the 

search space within the variable’s scope. 

Step-2: Reproduction: After getting into a blooming tree, each candidate weed of the 

population is allowed to produce new weeds and the number of new weeds of a 

candidate weed depends on its relative the best and the worst fitness value. It is linearly 

decreased from an allowable maximum weed (Smax) to minimum weeds (Smin) with 

Smax for the best candidate weed, Smin for the worst candidate weed in the population. 
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where, )( iwn is the number of producing seeds of ith weed, Smax and Smin are predefined 

parameters. fit(wi) is the fitness value of ith weed, fitmax and fitmin are maximum and 

minimum fitness values of the population, respectively. 

Step-3: Spatial dispersal: The newly generated weeds are normally distributed over the 

search space with mean of parent weed position and the varying standard deviation, 

defined as 

( )
( ) minminmax

max

max  +−
−

=
mi

mi

gen
gen

gengen
                                  (6) 

where, gen  is the standard deviation (SD) at the present generation, max  and min  are 

the maximum and minimum standard deviations, predefined parameters, maxgen  is the 

maximum generations, mi  is the nonlinear modulation index and necessity of mi  is 

generated seeds could be close to the parent weed. 

Step-4: Competitive Exclusion: If a plant leaves no offspring, then it would go extinct, 

otherwise it would take over the world. Sources will be for some weeds in the field, 

as there is a competition between weeds to limit the number of weeds in the 

population. If the sum of parent weeds and the new generated weeds exceeds the 

maximum limit (Wmax), the weeds having worst fitness value are removed up to Wmax 

from the population. 

Step-5: Termination Condition: 

(1). The present iteration is equal to the upper limit of the number of iterations  

(2). The above process (Steps 1-4) has been reached the maximum number of fitness 

evaluations  

(3). − )()( * xfxf  where x* is the best optimal solution, x is the best solution 

obtained and  is a small tolerance value, is defined by the user. If the process (Steps 1-

4) meets any one of the aforementioned conditions, it will be terminated. 
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Figure 4. Flowchart of the proposed MPPT algorithm 

Generally, the Gaussian function is used in IWO algorithm. For the IWO algorithm 

reproduction mode, it can generate offspring based on the parent individual super posited 

Gauss distribution of random variables. To find the optimal reproductive performance, the 

Cauchy distribution function can give better results instead of Gauss distribution [32, 36]. 

The Cauchy distribution is smaller than Gauss distribution in the vertical direction. 

Moreover, in the horizontal direction, Cauchy distribution has become wider when it is 

near the horizontal axis. Therefore, the Gaussian distribution function has a greater 

probability to generate small perturbations, but not very large disturbances [32]. But the 
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Cauchy distribution function has small perturbations capacity than Gauss function, but it 

is stronger than the Gauss in large distribution. It is expected to have a higher probability 

of escaping from a local optimum or moving away from a plateau, especially when the 

“basin of attraction” of the local optimum or the plateau is large relative to the mean steep 

size [36]. Therefore, the character of the Cauchy distribution can better maintain the 

population diversity and make the algorithm a better global optimization algorithm and 

reliability. Hence, the Cauchy distribution function can get a rapidly, optimal solution [34, 

36]. Therefore, the Cauchy distribution function is used in IWO algorithm instead of 

Gaussian distribution function and it is called as modified IWO (MIWO) algorithm. 

Generally, weather conditions will rapidly change, hence, in this paper implemented 

MIWO algorithm.  

In MIWO, Wmax seeds are generated around the parent seed. The same principle is 

applied here and generated Wmax voltage points around the previous voltage value. Further, 

P&O algorithm is also included to generate the new value of voltage. Hence, new 

calculated PV power found from number can get from Wmax number of voltages. So, the 

𝑊𝑚𝑎𝑥 number of power points can be calculated to finally optimized 𝑃𝑝𝑣
𝑚𝑎𝑥. This process 

will be continued up to the completion of search space. The new value of voltage can be 

obtained by 

( ) max

1 ......,2,1;)1,0( WiVVCauchymVV j

ibestiter

j

i

j

i =−+=+   

where, Vi 
j is the ith weed position at jth iteration. Vi 

j+1 is the update/new weed position at 

jth iteration, Vbest is the best weed found in the whole population. i  is a standard Cauchy 

random variable and 
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Here, the value of step change is considered as 0.05V and maximum seeds is 7. 

C) Boost converter 

Fig. 1 depicts the circuit with a controller that will be used for the boost converter for 

MPPT of PV system. The control signal (i.e., duty cycle (D)) contains pulses with a 

constant width in a steady state. The switch (Sd) is ON during ton and OFF during toff. The 

voltage across the inductor (VL) is equal to the input voltage, Vpv, during ton. The inductor 

current, IL is proportional to the integral of VL. In this paper boost converter is a modelled 

form [37]. Reference DC-voltage (input voltage) of the boost converter is obtained from 

integration of MIWO with P&O algorithm. This signal is compared with actual input 

voltage and error is given to proportional plus integral (PI)-controller. The PI-controller 

can generate duty cycle for Sd. In this paper, integral-time-square-error (ITSE) [33] 

method is used for tuning the gains of PI-controller. The boost converter controller is 

 (7) 
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called as a DC-link voltage controller as shown in Fig. 1. The flowchart of the proposed 

system is shown in Fig. 4. 

4. SMALL-SIGNAL ANALYSIS 

Non-linear model of the proposed system is obtained by nonlinear equations of the 

system blocks and corresponding non-linear block diagram of the proposed system (Fig. 

1) is shown in Fig. 14. The system has non-linear relations, hence, to investigate the small-

signal analysis, one must convert the system to a linear system. The linearization of the 

nonlinear model of Fig. 14 is carried out using the small-signal method.  

The PV system linearized equation is obtained by (1) & (2) with the small-signal 

method. A linear time-invariant model for the inductor current to the duty cycle of the 

boost converter is taken from [39]. The transfer function of inductor current to the duty 

cycle of the boost converter is followed by (10).  
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The detailed linear model of the proposed system is shown in Fig. 14. However, linear 

model of MPPT is neglected and it is considered as one of the input signals to the DC-link 

controller due to its non-linear characteristics (i.e., it is having a sign function). The value 

of gains in the voltage controller is 𝐾𝑝 = 0.03 and 𝐾𝑖 = 5.08. 
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Figure 14. Non-linear model 
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Fig. 15: Linearized model 

From Fig. 15, the small-signal transfer function can be obtained by using block 

diagram reduction methods as described [40]: 
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From (3), we can find the linearize diode current 
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From (12) and (13), final transfer function can be written as 
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The response of ΔPpv corresponding to ΔG and ΔVmpp can be obtained by (15). Let us 

consider load resistance 100Ω, 40Ω and 10Ω. Fig 16 depicts the response of the 

corresponding ΔPpv with a 20% change in irradiance. Consider that a 20% irradiance 
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decreases at t=3s, and the 20% irradiance increases at t=3.3s. The corresponding responses 

of ΔPpv with an actual system (Fig. 1) and linearized system (i.e., (13)) with load 

resistances are shown in Fig. 16. It shows that the responses are precisely overlapping, 

and the response is better in the case of low load resistance, as shown in Fig. 17(c). 

However, Fig. 16(a) depicts that the system response is slightly different from the 

linearized system. The load resistance can be adjusted by integrating energy storage such 

as a battery to system [41]. For better response, the battery can be connected at DC-bus 

through power electronics devices [42]. Hence, the DC-bus voltage can be regulated by 

maintaining at a constant load current. The similar responses can be obtained from (15) 

for change in ΔVmpp. 

As is well known, the loop robustness of a feedback system can characterize by gain 

margin (GM) and phase margin (PM). For a good design, one must have gain margin>6 

dB and phase margin> 300 [40]. For robustness study of the system of Fig. 15, loop transfer 

function is obtained as: 

( )
sgsgsgsg

fsfsfd
Le

4

2

3

3

2

4

1

32

2

1

+++

++−
=                                                                                              (16) 

where, ( )211 1 bbCg pv += , ( ) 22132 1 bbbaCg pv ++= , 232143 )1( babbCag pv ++=  and 244 bag =  

The bode plots (indicating gain margin, phase margin, and gain crossover frequency) 

for the above loop transfer function (i.e., (16)) is presented in Fig. 17 for RL=100Ω. From 

Fig. 17, it can be concluded that the system is well robust. 
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Fig. 16: PV voltage responses of actual and linear system (a). RL=100Ω, (b). RL=40 Ω 

and (c). RL=10Ω load 
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Figure 18. The bode plot for RL=40 Ω  
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Figure 19. The bode plot for RL=100Ω  

5. SIMULATION RESULTS AND DISCUSSION 

 

4.1. Case-1: MPPT under the change in irradiance 

Simulation results are carried out with MATLAB/Simulink. The detailed parameters 

of PV system are mentioned in Appendix. The simulation results are discussed by 

considering the following case studies. 

Consider that irradiance changes from 1000W/m2 to 800W/m2 at the time(t)=1s. As 
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shown in Fig. 5(a). After a change in irradiance, proposed MPPT algorithm tracked 

properly mppV  to get maximum power. The boost converter controller operates  at mppV , 

hence, the system is operating at possible maximum power point. The corresponding mppV   

which is generated by the proposed MPPT algorithm as shown in Fig. 5(b). However, 

decreasing in irradiance can decrease the DC-link voltage in the transient period (see Fig. 

5(c)). Hence, MPPT algorithm will increase the reference voltage momentarily which is 

shown in Fig. 5(b) after t=1s. After DC-link starts to increase, MPPT algorithm tries to 

reduce the reference voltage by voltage steeps as follows the Eqn. (8). This reference 

voltage is input to DC-link controller and boost converter controller regulates the 𝑉𝑃𝑉  at 

𝑉𝑚𝑝𝑝 as shown in Fig. 5(c). The corresponding power is depicted in Fig. 5 (d). From Fig. 

5 (d), it can be concluded that power generated by PV is following its reference signal. 

The comparative analysis of 𝑉𝑚𝑝𝑝 voltage during the change in irradiance as given in 

Table-2 . However, the PV voltage deviation and efficiency during this period is given in 

Table-3. Table-2, depicts that the proposed algorithm has less deviation of voltage sags 

and swells as compared to other algorithm. The proposed algorithm has less settling time 

as compared to GWO-FLC and MBOA method.  However, the proposed algorithm has 

high PV efficiency as well as less voltage deviation as compared to GWO-FLC and 

MBOA method as given in Table-3. 

 

Table 2: Comparative dynamic 𝑉𝑚𝑝𝑝 voltage performance 

Performance indexes              

Fig. 5(b) 

MPPT [28] MPPT [27] Proposed algorithm 

Maximum deviation (Vp) 1.5 2 0.5 

Minimum deviation (Vd) 3 4 2 

Settling time (ts) 0.15 0.1 0.06 

Table 3: Comparative voltage deviation and efficiency (ηMPPT) 

Performance indexes     MPPT [28] MPPT [27] Proposed algorithm 

Voltage deviation (Fig. 5(c)) 3% 4.12% 2. 05% 

PV efficiency (Fig. 5(d)) 99.98% 99.978% 99.997% 
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Figure 5: (a). Variation in insolation, (b). Nominal 𝑉𝑚𝑝𝑝  voltage , (c). 𝑉𝑝𝑣, (d). PV power  

4.2.   Case-2: MPPT under the partial shading 

Generally, PV array cannot receive uniform irradiance, under this situation; partial 

shading effect creates many local maximum power points. The proposed MIWO based 

MPPT algorithm achieves the proper Vmpp corresponding to the global maximum point. 
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Hence, the system can operate at maximum power point under partial shading condition. 

The conventional P&O algorithm can extract voltage corresponding to a first local 

minimum (which is near to present voltage point). Hence, integration of P&O with MIWO 

algorithm can work better and extract more power from the PV system in all the possible 

cases.  

Now considered partial shading occurs at t=2.5s. Corresponding PV power is shown 

in Fig. 6. From Fig.6, it can be concluded that, power generated from PV system is 

following possible maximum power from the PV system under partial shading condition. 

Hence, proposed controller can be able to extract maximum power from a PV system. In 

order to provide the accuracy of the proposed algorithm, the actual extraction of PV output 

power during PSC is shown in Fig. 7. In this case the solar irradiance of each PV module 

is different. From Fig 7, the tracking efficiency ( 𝜂𝑀𝑃𝑃𝑇)  contributes higher tacking 

efficiency as compared to GWO-FLC [28] and MBOA [27]. The exact value of the 𝜂𝑀𝑃𝑃𝑇 

is provided in Table-4. From the above results, it can be concluded that the suggested 

MIWO-P&O technique has a good tracking competency with improved PV voltage 

control capability (i.e., lower peaks/dips) as compared to the GWO-FLC [28] and MBOA 

[27] based hybrid MPPT techniques. 
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Figure 7. PV power under partial shading 

Table 4: Comparative efficiency (ηMPPT)  

Performance index           MPPT [27] MPPT [28] Proposed algorithm 

PV efficiency 99.75% 99.85% 99.97% 

4.3.   Case-3: Performance evaluation for the presence of uncertainty 

In this case, the effectiveness/robustness of the proposed controller is tested in the 

presence of uncertainty in the boost converter. The proposed system uses closed loop 
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control algorithm. If this system has may kind of parameter variation or model uncertainty 

like inductance, capacitance etc. the output still convergence to the desired level. For 

analysis, the uncertainty is added in the capacitor of +10% variation as shown in Fig.1.This 

has been tested in 10% deviation of capacitance value and the corresponding DC-bus 

voltage is found to be within the 1% of nominal value which is acceptable shown in Fig. 

8. Moreover, the frequency response of the system is shown in Fig. 9. From Fig. 9, it can 

be concluding that it does not affect the uncertainty using the proposed control algorithm. 

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
234

234.5

235

235.5

236

236.5

237

Time (s)

With Uncertainty Without Uncertainty

D
C

-b
u

s 
v

o
lt

ag
e 

(V
)

 

Figure 8. DC-bus voltage on uncertainty condition 
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Figure 9. System frequency response during uncertainty  

6. EXPERIMENTAL RESULTS AND DISCUSSIONS 

Hardware results are carried out with 1.12 kW PV system which is same as MATLAB 

model. The implementation of the hardware setup is done by using dSPACE real-time 

control [38]. The pproposed controller interfaced with boost converter switch (i.e., Sd) 

through dSPACE. 𝐼𝑃𝑉and 𝑉𝑃𝑉 are sensed and these signals are given as inputs to dSPACE. 

The detailed experimental setup is shown in Fig. 10. Partial shading portion is highlighted 

in Fig. 8. However, light partial shading is also distributed around PV modules. The results 
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with dSPACE are also shown in Fig. 10. The results obtained from the computer (through 

dSPACE, i.e., portion 3 in Fig. 10) are converted to MATLAB and provided in following 

cases studies.  

(xi)

(i) (ii) (iii)

(iv) (v)

(vi)

(vii)

(x)

(viii)
(ix)

a

c

b

(i). DSPACE, 

(ii). Current sensor

(iii). Voltage sensor  

(iv). 5V power supply for sensors

(v). Ammeter 

(vi). Inductor 

(vii). IGBT 

(viii). Diode 

(ix). Capacitor

 (x). Load resistance

 (xi). Partial shading condition  

Figure 10: Experimental setup of the studied PV system (a). PV system under partial shading, 

(b). dSPACE based boost converter control, (c). Result with dSPACE 

6.1 Case-1: Under Uniform solar irradiance  

In this case, uniform irradiance considered i.e 1000w/m2 for t= 0 to 70s. During this period 

the corresponding PV power is shown in Fig.11. During this period, the PV power is 

1118W using GWO assisted FLC method. However, using MBOA method the PV power 

is 1116W. The proposed MIWO algorithm gives 1119W. From this Fig 11. it concluded 

that the controller is extracting maximum available power from a PV system during 

uniform solar irradiance condition. It is possible because MIWO with P&O algorithm 

which is helpful to track a proper 𝑉𝑚𝑝𝑝.  
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Figure 11: (a). PV power using proposed algorithm, GWO+FLC and MBOA algorithm, (b). PV 

voltage during noisy condition 
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In this case, the robustness of the proposed control strategy is tested in the presence 

of. noise. This noise is inserted into the system when voltage and current are measured. 

Assume that an expected noise of 50dB signal to noise ratio is inserted in PV voltage as 

shown in Fig. 1. For the analysis, the noise was added at t=30s on the PV voltage as shown 

in Fig. 11(b). From, the Fig. 11(b), it is observed that the voltage dynamics of the 

photovoltaic voltage in the presence of noise is improved significantly using the proposed 

controller. 

In this case, the effectiveness/robustness of the proposed controller is tested in the 

presence of noise in the PV system. This noise is inserted into the system when the voltage 

and current are measured. Assume an expected noise of 40dB signal to noise ratio (SNR) 

is inserted in the PV voltage as shown in Fig. I. For analysis, the noise was added at the 

time (t)=30s on the PV voltage as shown in Fig. 11(b). The SNR is usually expressed in 

terms of the logarithmic decibel scale as follows: 














=













=

noise

signal

noise

signal

V

V

P

P
dBSNR 1010 log20log10)(                                                      (9) 

 where, Psignal and Pnoise represent the average received signal power and noise power, 

respectively. Vsignal and Vnoise are the corresponding signal voltage and noise voltage, 

respectively. 

In this case study, the solar insolation for each PV string is taken as 1000W/m2. From Fig. 

11(a), it can be seen that the proposed controller significantly improves the dynamics of 

the DC-link voltage PV in the presence of noise in photovoltaic power systems.  

 

5.2  Case-2: Under partial shading PSC-1 

In this case, non-uniform irradiance considered for t=2s to 18s. During this period the 

corresponding current, voltage and PV power is shown in Fig.12. During PSC-1 as per 

Fig. 3, the PV power is 702.9W using GWO assisted FLC method. However, using MBOA 

method the PV power is 705.2W. The proposed MIWO algorithm gives 706.82W. From 

this Fig 11. it concluded that the controller is extracting maximum available power from 

a PV system during partial shading condition. The corresponding voltage becomes 

approximately 144V,144.1V and 144.3V respectively, in steady-state condition. Fig.11 

depicts that the proposed algorithm extracts more PV power than other algorithms. It is 

possible because MIWO with P&O algorithm which is helpful to track a proper 𝑉𝑚𝑝𝑝. The 

corresponding MPPT tracking efficiency is 99.81%, 99.89%,99.97%: respectively, using, 

MBOA, GWO assisted FLC algorithm and Proposed MIWO assisted P&O algorithm. 
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Fig. 12: PSC-1 (a) PV current, (b) PV voltage, (c) PV power using MBOA method, GWO+FLC     

                   method and MIWO+P&O method, respectively. 

5.3 Case-3: Under partial shading PSC-2  

In this case, non-uniform irradiance considered for t=2s to 18s. During this period the 

corresponding current, voltage and PV power is shown in Fig.13. During PSC-2 as per 

Fig. 3, the PV power is 551.95W using MBOA method. However, using GWO assisted 

FLC method the PV power is 555.05W. The proposed MIWO algorithm gives 556.42W. 

From this Fig 12. it concluded that the controller is extracting maximum available power 

from a PV system during partial shading condition. The corresponding voltage becomes 

approximately 143.9V,144V and 144.2V respectively, in steady-state condition. Fig.12 

depicts that the proposed algorithm extracts more PV power than other algorithms. It is 

possible because MIWO with P&O algorithm which is helpful to track a proper 𝑉𝑚𝑝𝑝. The 

corresponding MPPT tracking efficiency is 99.75%, 99.81%,99.968% respectively, using, 

MBOA, GWO assisted FLC algorithm and Proposed MIWO assisted P&O algorithm. 
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Fig. 12: PSC-2 (a) PV current, (b) PV voltage, (c) PV power using, MBOA method,     

                  GWO+FLC method and MIWO+P&O method, respectively. 
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5.4 Case-4: Load variation under partial shading condition  

The efficacy of the proposed algorithm can be tested on the variation load. Initially, it 

is tested on the load of 10Ω, after that another load is connected of 10Ω to the system. 

The details response of PV power, PV voltage and current during load variation is 

shown in Fig. 13. From Fig. 13(a), it is observed that in load variation PV power can 

track easily to the MPPT. However, the voltage is decreased when the load varied from 

10Ω to 20 Ω. At the same time current increases to some extent as shown in Fig. 13(c) 

and 13(b) respectively. Hence, the proposed algorithm is robust for the load variation. 
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Fig. 13: PSC-2 (a) PV current, (b) PV voltage, (c) PV power using MIWO+P&O method. 

7. CONCLUSION 

MIWO integrated with P&O algorithm based stand-alone PV based power generation 

system is presented in this paper. MIWO is integrated with a P&O algorithm for an 

effective operation of MPPT system under partially shaded PV system. Boost converter is 

considered for MPPT converter to extract the maximum power from PV. Using boost 

converter control, the power balance between PV and load is achieved by varying duty 

cycles. The PV system is operating at maximum power level in both normal as well as 

partial shading condition by regulating (Vpv) corresponding to Vmpp (generated by MPPT 

algorithm) with the boost converter controller. In this paper, the battery is not considered; 

however, the response of the system can increase by adding a battery to the system. Small-

signal analysis is also done to show the strength of the theory. The controller is tested in 

hardware and presented hardware results with the help of dSPACE. The different cases 

are discussed based upon changes in solar irradiance and partial shading condition. Loop 

robustness is presented with the help of a Bode plot of the loop transfer function. Through 

the MATLAB based simulation and dSPACE based hardware (real-time) results, it is 

concluded that the performance of the controllers is satisfactory under conditions of 

changes in irradiance as well as under partial shading. 

 

8. LIST OF SYMBOLS AND ABBREAVIATIONS 
 

8.1. Nomenclature 

Iph Current of PV cell (A) 
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8.2. Abbreviations 

PV 
Photovoltaic 

MIWO 
Modified Invasive Weed Optimization 

P&O 
Perturb & Observe 

MPP 
Maximum power point  

MPPT 
Maximum power point tracking 

PSC 
Partial shading condition 

RES 
Renewable energy sources 

GMPP 
Global maximum power point  

Io Load current (A) 

Irs Diode reverse saturation current (A) 

Rs Series resistance of the PV module (Ω) 

Rsh Shunt resistance of the PV module (Ω) 

Vpv Photovoltaic voltage (V) 

T Array temperature (0K) 

Irr Reverse saturation current (A) 

Tr Cell reference temperature (A) 

Isc Short circuit current (A) 

G Solar irradiance (W/m2) 

q Electron charge (C) 

Voc Open circuit voltage (V) 

K Iteration 

Vmpp Nominal voltage (V) 

∆V Step voltage 

𝜎gen Standard deviation 

𝜎max Maximum standard deviation 

𝜎min Minimum standard deviation 

mi Nonlinear modulation index 

Genmax Maximum generation 

Wmax Maximum seeds are generated 

𝛿i Cauchy random variable 
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PWM 
Pulse width modulation 

PI 
Proportional plus integral 
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APPENDIX 

Parameters of PV module 

For both simulation and experiment [43] 

Module Type TP280 

Maximum power (Ppvmax) 280 W 

Open circuit voltage (Voc) 44 V 

Short circuit current (Isc) 8.28 A 

Voltage at Ppvmax (Vmpp) 36.2 V 

Current at Ppvmax (Impp) 7.73 A 

Series resistance per cell (Rs) 0.0040 Ω 

Parallel resistance per cell (Rp) 4.106 Ω 

Module efficiency 14.1 

Power tolerance [-0 & +5] 

Number of modules connected in series (ns) 4 

Parameters of boost converter 

For both simulation and experiment  

Capacitance (C & CPV) 1000μF 

Inductor (L) 1.3mH 

Resistance (RC) 0.15 Ω 

Duty cycle (D) 0.6 
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Parameters used in small-signal model 

Parameters RL=10 Ω RL=40 Ω RL=100 Ω 

a1 2.7846x105 2.7846x105 2.7846x105 

a2 193.4833 49.5819 19.484723 

a3 143.9939 70.8880 28.45723 

a4 1.2395x105 1.233x105 1.2302x105 

a5 8.6032x10-5 8.6032x10-5 8.6032x10-5 

b1 0.003 0.003 0.003 

b2 3.4316 3.4316 3.4316 

b3 0.0010 0.0010 0.0010 

b4 3.5771 3.5033 3.477 

b5 9.0600x103 8.8085x103 8.47524 x103 

b6 34.877x105 22.709x105 14.729x105 

b7 2765.40x105 708.670x105 282.1836x105 

d 2.8135x105 2.8135x105 2.8135x105 

f1 0.03 0.03 0.03 

f2 10.8845 6.5675 3.9563 

f3 982.8951 251.8759 100.727 

g1 0.0010 0.00101 0.0010102 

g2 3.5771 3.5033 3.47 

g3 619.3674 367.8467 221.9402 

g4 4.2534x105 4.2313x105 4.2215x105 

 


