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Abstract: Photovoltaic power generation has attracted more and more attention in the field 

of new energy applications, and the maximum power point tracking technology is the critical 

link of the photovoltaic power generation system. In the case of partial shading, the output 

power curve of the photovoltaic array presents a multi-peak phenomenon, and the traditional 

MPPT algorithm is easy to fall into the optimal local solution when tracking the maximum 

power, while the traditional butterfly algorithm has slow convergence and low optimization 

accuracy in the tracking process. In order to reduce the loss of output power of photovoltaic 

system, an MPPT control method combining butterfly algorithm with adaptive inertia weight 

and variable step size disturbance observation method is proposed. In the butterfly algorithm, 

the population randomly generates the initial solution, and the crossover mutation operation 

is carried out on the population. The inertia weight is constantly updated with the increase 

of iteration times, which can reduce the oscillation amplitude in the tracking process, 

increase the robustness of the algorithm search, and achieve the purpose of global search. 

Then, the perturbation observation method with variable step size is used to accelerate the 

convergence speed and accuracy. The simulation results show that compared with the 

traditional perturbation observation method and butterfly optimization algorithm, the 

proposed algorithm can find the maximum power point stably, quickly, and accurately in the 

case of sudden illumination change, which significantly improves the performance of MPPT. 

1. Introduction 

In modern industrial production and life, the energy demand is increasing, and the supply and 

quality of energy play a vital role in economic development and social stability. However, using 

traditional power has endangered the environment and human health. Therefore, the development of 

clean energy has become a global consensus. Solar energy is one of the primary clean energy sources 

widely used in power generation. In the photovoltaic power generation system, how to improve the 

utilization efficiency of solar energy is a vital issue studied by scholars. 

The application of MPPT is a fundamental technology that can improve the efficiency and power 
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generation of solar power generation systems and reduce energy costs. In the actual operation of the 

photovoltaic power generation system, uneven illumination and sudden change in illumination 

intensity will lead to the multi-peak phenomenon in the output power curve of a photovoltaic array.[1-

2] Traditional MPPT algorithms, such as constant voltage method, perturbation and observation 

method(P&O) and incremental conductivity method(INC), are simple and easy to implement, but 

they are greatly influenced by the environment, so it is difficult to ensure the maximum power 

generation efficiency of the system.[3-6] The use of intelligent algorithms makes up for the 

shortcomings of traditional algorithms to a great extent, including particle swarm optimization 

algorithm(PSO), genetic algorithm(GA), artificial neural network algorithm(ANN), grey wolf 

optimization algorithm(GWO),glowworm swarm optimization algorithm(GSO),fuzzy logic control 

algorithm(FLC), etc. When these algorithms are applied to solar controller, the performance of 

tracking maximum power is improved.[5]  When PSO is used to track the maximum power point, 

there are shortcomings such as long optimization time and large power fluctuation.[7] GA search has 

the problems of premature algorithm and large fluctuation near the maximum power point, which 

leads to the inability to output the maximum power accurately and stably.9] When ANN is used to 

track the maximum power point in a harsh environment, it quickly falls into the optimal local value, 

and the tracking accuracy decreases.[15] Although FLC is robust when it is used alone to track the 

maximum power, it depends on the experience of designers to determine membership functions and 

fuzzy rules.[16] 

Aiming at the power tracking problem of the photovoltaic array with local shadow, this paper 

combines the butterfly optimization algorithm (BOA) with variable step size P&O(WBOA-P&O), 

and applies it to photovoltaic MPPT control. The nonlinear inertia weight factor is introduced into 

BOA to improve the optimization accuracy. WBOA-P&O algorithm firstly randomly generates the 

initial solution of butterfly population, selects representative butterflies, and creates new butterflies 

by cross-breeding the representative butterflies, then introduces random disturbance to increase the 

diversity of search, and finally uses variable step size P&O to accelerate the convergence speed and 

improve the final convergence accuracy. Comparing WBOA-P&O with BOA and variable step P&O, 

the practicability of WBOA-P&O is verified.[4] 

2. Output Characteristics of Photovoltaic Array under Local Shadow 

2.1. Mathematical model of photovoltaic cell 

The equivalent circuit of photovoltaic cell is shown in Fig.1. 

 

Figure 1: Equivalent circuit of photovoltaic cell 

The current I can be expressed by the following equation: 

𝐼 = 𝐼𝑝𝑣 − 𝐼𝑑 [exp (
𝑞(𝑈+𝐼𝑅𝑠)

𝑛𝐾𝑇
) − 1] −

𝑈+𝐼𝑅𝑣

𝑅𝑣ℎ
                    (1) 

In Eq. (1), 𝐼𝑝𝑣  represents photocurrent; 𝐼𝑑  represents the reverse current of the diode; 𝐼𝑑 

represents equivalent series resistance; 𝑅𝑣ℎ  stands for equivalent parallel resistance; 𝐾 

is the temperature when the photovoltaic cell works; 𝑇 is the amount of electron charge. 
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2.2. Mathematical model of photovoltaic array 

In this paper, [1×5] photovoltaic array is taken as the research object, and the equations of output 

power 𝑃𝑝𝑣 and output voltage 𝑈𝑝𝑣 of photovoltaic module are as follows: 

𝑃𝑝𝑣 = 𝐼𝑝𝑣𝑈𝑝𝑣 {1 − 𝐶𝑒𝑥𝑝 (
−𝑈𝑚𝑝

𝐷
) 𝑝 [exp (

𝑈𝑝𝑣

𝐷
− 1)]} 

𝐶 = 1 −
𝐼𝑚𝑝

𝐼𝑝𝑣
       𝐷 = 𝑈𝑜𝑐 •

𝑈𝑚𝑝𝑙𝑛𝐶

𝑈𝑝𝑣
                                (2) 

In Eq. (2), 𝑈𝑜𝑐 is the open circuit voltage; 𝐼𝑚𝑝 is the current at the maximum power point; 𝑈𝑚𝑝 

is the voltage at the point of maximum power. 

2.3. Multipeak output characteristic 

In this paper, five photovoltaic cells are connected in series in turn, and the light intensity 

(W/m2)received by each photovoltaic cell is shown in Table 1. The photovoltaic array is switched 

from working condition 1 to working condition 2 at 0.5s. The output curves of the photovoltaic array 

in both cases are shown in Fig.2. The maximum power under working condition 1 is 4607W, and the 

maximum power under working condition 2 is 5768W (Fig.2). 

Table 1: Working condition of photovoltaic array 

Working condition S1 S2 S3 S4 S5 

1 1000 1000 400 800 600 

2 1000 1000 700 800 600 

 
(a) Working condition 1 

 
(b) Working condition 2 

Figure 2: Power output curve 
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3. Improved Strategy of Butterfly Optimization Algorithm 

3.1. Traditional butterfly optimization algorithm 

BOA is a meta-heuristic intelligent algorithm. Inspired by the mating behavior of butterflies, the 

algorithm receives, senses and analyzes the odor in the air to determine the potential direction of 

mating partners. Butterfly will produce a certain intensity of fragrance related to its adaptability, that 

is, when the butterfly moves from one position to another, its adaptability will change accordingly. 

When a butterfly senses that another butterfly is emitting more fragrance in this area, it will approach. 

This stage is called global search. On the other hand, when the butterfly can't perceive the fragrance 

larger than itself, it will move randomly, and this stage becomes a local search.[8] 

In BOA, fragrance is a mode, which is expressed as a function of the physical intensity of the 

stimulus, as shown in the Eq. (3), where 𝑐 is a sensory mode, with a value between [0,1], and it is 

introduced to distinguish odor from sound, light, temperature and other forms; 𝐼 is the intensity of 

stimulation, and its size is related to the adaptability of butterflies; 𝑎 is a power exponent, with a 

value between [0,1]. Experiments show that with the enhancement of stimulation, the sensitivity of 

insects to stimulus changes becomes lower and lower, so the parameter 𝑎 is a response compression 

state, that is, when 𝐼 increases, 𝑓 grows slower than 𝐼.[9] 

𝑓 = 𝑐𝐼𝑎                                                       (3) 

In each iteration of BOA, all butterflies in the solution space move to new positions, and then their 

fitness values are re-evaluated. First, the butterfly will use Eq. (3) to generate fragrance in its own 

position, and then carry out global and local search. In the global search stage, the butterfly moves 

towards the most suitable butterfly. At this time, the solution of the butterfly can be expressed by Eq. 

(4), where 𝑔∗ is the optimal solution among all the solutions in the current iteration, 𝑓𝑖  is the 

fragrance of the i butterfly, and 𝑟 is the random number in [0,1]. The local search can be expressed 

by Eq. (5), where 𝑥𝑗
𝑡 and 𝑥𝑘

𝑡 are randomly generated random solutions in the solution space.[10] 

𝑥𝑖
𝑡+1 = 𝑥𝑖

𝑡 + (𝑟2 × 𝑔∗ − 𝑥𝑖
𝑡) × 𝑓𝑖                                (4) 

𝑥𝑖
𝑡+1 = 𝑥𝑖

𝑡 + (𝑟2 × 𝑥𝑗
𝑡 − 𝑥𝑘

𝑡) × 𝑓𝑖                          (5) 

3.2. Variable step size duty cycle disturbance observation method 

The problem of oscillation and misjudgment will occur in the maximum power point tracking of 

fixed step P&O, resulting in unnecessary energy loss. Variable step-size P&O can better solve the 

contradiction between speed and accuracy in the process of maximum power tracking, which ensures 

the tracking speed and reduces the vibration amplitude and energy loss. Therefore, this paper uses the 

method of step-by-step approximation with duty ratio to search for the maximum power point. 

Observing the absolute value change of the slope 𝑑𝑃 𝑑𝑈⁄  of the PV array P-U curve shows that the 

absolute value of 𝑑𝑃 𝑑𝑈⁄  decreases monotonically until zero during the process of gradually 

approaching the maximum power point, according to this characteristic, the duty cycle perturbation 

is shown in Eq. (6), where 𝜇 is the variable step speed factor and is a positive number. ∆𝐷 has a 

prescribed upper and lower limit, when ∆𝐷 ≥ ∆𝐷𝑚𝑎𝑥, ∆𝐷 = ∆𝐷𝑚𝑎𝑥; when ∆𝐷 ≤ ∆𝐷𝑚𝑖𝑛, ∆𝐷 =
∆𝐷𝑚𝑖𝑛. The duty cycle change expression is shown in Eq. (7).  

∆𝐷 = 𝜇(𝑑𝑃 𝑑𝑈⁄ ).                             (6) 
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𝐷𝑟𝑒𝑓 = {

𝐷𝑟𝑒𝑓 + 𝜇(𝑑𝑃 𝑑𝑈⁄ ), ∆𝐷𝑚𝑖𝑛 < ∆𝐷 < ∆𝐷𝑚𝑎𝑥

𝐷𝑟𝑒𝑓 ± ∆𝐷𝑚𝑎𝑥,                  ∆𝐷 ≥ ∆𝐷𝑚𝑎𝑥

𝐷𝑟𝑒𝑓 ± ∆𝐷𝑚𝑖𝑛,                  ∆𝐷 ≤ ∆𝐷𝑚𝑖𝑛                  

                  (7) 

Obviously, the accuracy of variable-step P&O is greatly improved during the search process, which 

makes the system stabilize at the maximum power point as soon as possible. Although the 

performance of variable-step P&O is much improved compared to fixed-step P&O, it still has poor 

response to external environmental changes and is only applicable to environments with small 

changes in light intensity.[10-11] 

3.3. Improved butterfly optimization algorithm 

3.3.1. Nonlinear inertia weight 

To address the shortcomings of the basic butterfly algorithm for complex functions convergence 

speed is slow, low accuracy of the search, this paper in the global search phase to introduce a non-

linear decreasing inertia weight with the increase of evolutionary algebra, inertia weight function as 

Eq. (8). 

𝑤 =
1

[(𝑡+1)(𝛼+𝛽)]
3 ∙ (

𝛼∙𝑡𝛼

𝑁𝑖𝑡𝑒𝑟
𝛼 +

𝛽∙𝑡𝛽

𝑁𝑖𝑡𝑒𝑟
𝛽)                                  (8) 

where 𝛼  and 𝛽  are weight coefficients and 𝛼 = 2  and 𝛽 = 3 . The inertia weight 𝑤  is 

between [0,1], and in the early stage of evolution, 𝑤 is larger and BOA has a strong global search 

ability and a large detection range, which is conducive to jumping out of the local optimum, and 𝑤 

decreases in the later stage, when the butterfly performs a fine search near the optimum, making the 

algorithm converge faster. The improved global search is represented by Eq. (9). 

𝑥𝑖
𝑡+1 = 𝑤 ∙ 𝑥𝑖

𝑡 + (𝑟2 × 𝑔∗ − 𝑥𝑖
𝑡) × 𝑓𝑖                                   (9) 

3.3.2. Composite control strategy 

In order to reduce the oscillation at the late stage of algorithm search and improve the convergence 

accuracy, this paper proposes a control strategy that combines WBOA with variable step P&O. The 

first part of the composite control is the WBOA search process, and the second part is the variable-

step P&O tracking process.[12] The control schematic is shown in Fig.3. The specific steps are as 

follows: 

 Initial inertia weight 𝑤 , number of iterations 𝑡 , butterfly position update 𝑥𝑖
𝑡+1 , stimulus 

intensity 𝐼, and adaptation degree. Any 10 duty cycles between [0,0.8] are chosen as individual 

butterflies. 

 Measure the output current and voltage of the system, calculate the power (fitness) of each 

butterfly at the current position, and find out the position of the butterfly with the largest fitness, 

assign it to 𝑔∗, and judge whether the maximum distance of the current butterfly group is less than 

0.06. 

 If the result of step (2) is no, the BOA search is performed. Given a switching probability 𝑝 of 

0.6, a random number 𝑟 is generated from within [0,1]. If 𝑟 is greater than 𝑝, the butterfly performs 

a local flight and updates the position according to Eq. (5); if 𝑟 is less than 𝑝, the butterfly performs 

a global flight and updates the position according to Eq. (9). 

 If the result of step (2) is yes, the variable-step P&O search is performed, and the step size is 

updated using Eq. (7), and when the adaptation of two adjacent iterations meets the algebraic 

condition, the best duty cycle is output and the search is ended. Otherwise, the P&O search is repeated 
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(Fig 3). 

 

Figure 3: Composite control schematic diagram 

4. Simulation and Analysis of Results 

4.1. Simulation 

The PV power generation system is modeled in Simulink as shown in Fig.4. The model is selected 

as a conventional boost circuit with circuit parameters set to 𝐶1 = 500𝜇𝐹, 𝐶2 = 25𝜇𝐹, 𝐿 = 8.5𝑚𝐻, 

and 𝑅𝑙𝑜𝑎𝑑 = 100𝛺 . The PV module parameters selected in this paper are 𝑈𝑜𝑐 = 36.3𝑉 , 𝐼𝑠𝑐 =
7.84𝐴, 𝐼𝑚𝑝 = 7.35𝐴, and 𝑈𝑚𝑝 = 29𝑉. The maximum number of BOA and WBOA-P&O iterations 

is set to 15. 

 

Figure 4: Schematic diagram of photovoltaic power generation system 

To verify that WBOA-P&O performs better than variable-step P&O and BOA on MPPT, the model 

performs multiple simulations of these three types of algorithms under shading conditions in working 

condition one and working condition two, and compares the performance indexes of these three 

algorithms, including tracking accuracy, tracking speed, and oscillation conditions, based on the 

simulation results. Firstly, variable-step P&O is used to track the maximum power, and its simulation 

results are shown in Fig.5. Secondly, the maximum power is tracked based on BOA, and the process 

is shown in Fig.6. Finally, the maximum power is tracked using WBOA-P&O, and the simulation 

graph is shown in Fig.7. 
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Figure 5: The tracking process of variable-step P&O 

 

Figure 6: The tracking process of BOA 

 

Figure 7: The tracking process of WBOA-P&O 

4.2. Analysis of results 

Table 2: Performance of three algorithms under working condition 1 

Algorithm 

Average 

maximum power 

(w) 

Difference 

from 

maximum 

power (W) 

Convergen

ce time (s) 

Tracking 

accuracy 

(%) 

Oscillation 

situation 

P&O 4593.5 13.5 0.035 99.7 
Micro 

oscillation 

BOA 4602.5 4.5 0.45 99.9 
Large 

oscillation 

WBOA-P&O 4607 0 0.22 100 
Small 

oscillation 
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Table 3: Performance of three algorithms under working condition 2 

Algorithm 

Average 

maximum 

power 

(w) 

Difference 

from 

maximum 

power 

(W) 

Convergence 

time (s) 

Tracking 

accuracy 

(%) 

Oscillation 

situation 

P&O 5227 541 0.045 90.6 
Micro 

oscillation 

BOA 5018 750 0.4 86.9 
Micro 

oscillation 

WBOA-

P&O 
5768 0 0.18 100 

Small 

oscillation 

From Table 2 and Table 3, it can be seen that the tracking accuracy of both variable-step P&O and 

BOA reaches more than 95% under working condition 1. The oscillations in the tracking process of 

variable-step P&O are tiny and the convergence speed is extremely fast, while the oscillations in the 

tracking process of BOA are large and the convergence time is longer. Due to the transient change of 

working conditions, the average maximum power point tracked by variable-step P&O and BOA 

differs greatly from the standard maximum power point under working condition 2, and the tracking 

accuracy decreases significantly although the oscillation amplitude in the tracking process is 

extremely small. In contrast, WBOA-P&O is able to track 100% of the standard maximum power 

point in both working condition 1 and working condition 2, and the oscillation amplitude is very small. 

As a result, when the light condition changes rapidly, the variable-step P&O and BOA tracking can 

easily fall into the local optimal situation and cannot find the global optimal power point, while 

MBOA-P&O can quickly adapt to the environmental changes and can quickly and accurately find the 

global optimal value for the next working condition.[13-14] 

5. Conclusion 

This paper proposes a composite MPPT algorithm based on the combination of WBOA and 

variable-step P&O for the PV array output characteristic curve with multiple extreme points under 

partial shading, and a PV power generation system model is built for comparison experiments with 

BOA and variable-step P&O method. The introduction of nonlinear inertia parameters in BOA can 

better balance the ability of global search and local search, avoid falling into the optimal local solution 

to some extent, and make BOA have better convergence and find the optimal solution quickly. 

Variable-step P&O adjusts itself in the iteration process, reducing the decision space and improving 

the search efficiency, in which the duty cycle starts to change continuously for local search, improving 

the stability and robustness of the search process. Through simulation experiments, it can be found 

that WBOA-P&O significantly reduces the oscillation amplitude, accelerates the convergence speed, 

and dramatically improves the search accuracy during the search process, thus reducing the power 

loss of PV cell power generation and improving the utilization efficiency of PV power generation, 

which reflects good adaptability to environmental changes and has engineering application conditions. 
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