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Abstract

:

Solar photovoltaic (PV) systems stand out as a promising solution for generating clean, carbon-free energy. However, traditional solar panel installations often require extensive land resources, which could become scarce as the population grows. To address this challenge, innovative approaches are needed to maximize solar power generation within limited spaces. One promising concept involves the development of biological tree-like structures housing solar panels. These “solar trees” mimic the arrangement of branches and leaves found in natural trees, following patterns akin to phyllotaxy, which correlates with the Fibonacci sequence and golden ratio. By adopting an alternative 1:3 phyllotaxy pattern, three solar panels can be efficiently arranged along the stem of the solar tree structure, each rotated at a 120-degree displacement. Optimizing the performance of solar trees requires effective maximum power point tracking (MPPT), a crucial process for extracting the maximum available power from solar panels to enhance the overall efficiency. In this study, a novel metaheuristic algorithm called horse herd optimization (HHO) is employed for MPPT in solar tree applications. Moreover, to efficiently manage the generated power, a cascaded buck–boost converter is utilized. This converter is capable of adjusting the DC voltage levels to match the system requirements within a single topology. The algorithm is implemented using MATLAB and embedded within a Raspberry Pi Pico controller, which facilitates the generation of pulse-width modulation (PWM) signals to control the cascaded buck–boost converter. Through extensive validation, this study confirms the effectiveness of the proposed HHO algorithm integrated into the Raspberry Pi Pico controller for optimizing solar trees under various shading conditions. In essence, this research highlights the potential of solar tree structures coupled with advanced MPPT algorithms and power management systems to maximize solar energy utilization, offering a sustainable solution for clean energy generation within limited land resources.
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1. Introduction


As some of the most significant options, solar irradiance systems with photovoltaic panels can harness the sun as an energy source to be turned into electrical power. Since it has several benefits, including not requiring any fuel expenditure, not harming the environment, requiring little maintenance, and producing no noise, photovoltaic (PV) energy is becoming more and more significant as a renewable energy source. PV energy conversion is based on the generation of electric currents from light absorption by semiconductor materials. However, the efficiency and stability of PV devices are still limited by various factors, such as material defects, environmental conditions, and device architectures [1,2,3,4]. The installation of conventional solar panels requires a considerable land area, which will become less available as the population increases. The aforementioned issues can be resolved by designing biological tree-like structures to maximize the solar power output over a small area of land. To maximize the output power from solar panels, three-dimensional arrangement strategies have been proposed [5]. Natural trees’ branches and leaves follow a particular pattern known as phyllotaxy, which is directly comparable to the Fibonacci sequence and golden ratio, serving as a common source of inspiration for the arrangement of such panels. The solar tree approach is a novel design for solar photovoltaic systems that mimics the structure of a tree to save space and increase efficiency. The real-world applications of this unique solar tree system include mounting several solar panels to a single pillar, resulting in a tree-like structure that uses sunlight to generate direct current (DC) from solar power. The tree structure enhances the architectural appeal while also addressing land urbanization concerns. Such a system may power streetlights, decreasing reliance on the grid; serve as a charging station for electric vehicles; and improve the visual attractiveness of outdoor settings, among other things. Off-grid installations enable solar trees to run independently and deliver dependable power, even in remote locations. However, solar tree systems face the challenge of extracting the maximum power from the solar panels under varying environmental conditions. Several studies have explored the design and implementation of solar trees, emphasizing their aesthetic appeal, space efficiency, and potential for harvesting urban energy. In [6], under equivalent irradiation conditions, the power generation rates of two different phyllotaxy arrangements of solar trees were compared. There are numerous different phyllotaxy patterns, including 1:3, 2:5, and 3:8. The orientation direction of solar panels is distinct when they are positioned in different phyllotaxy patterns [7]. In contrast to traditional panels, which are oriented unidirectionally, solar trees house solar panels connected in various directions, allowing them to gather more sunshine throughout the day.



To obtain the maximum possible conversion rate of electricity from solar panels, maximum power point tracking (MPPT) can be utilized. MPPT involves continuously changing the angle of panels in line with the change in the angle of sunlight. However, these tracking operations require some electricity to power the tracking equipment. Hence, the utilization of the best MPPT algorithm is the optimum way to exact the maximum available power from the solar panels. Regarding the nonlinear I-V-P-V characteristics and the current I, which depend on the sunlight, solar temperature, and load settings, solar PV systems typically have comparatively low conversion efficiency rates [8]. As a result, the system, which transfers power from the solar PV array to the load, must operate at the maximum available power rate. A solar PV system typically contains two converter stages, one for a DC–DC converter and the other for a DC–AC converter. The initial stage must regulate variations in the solar PV system’s output maximum power point [9]. In other words, the maximum power point tracking process is controlled by modulating the duty ratio of the DC–DC converter [10]. Many MPPT methods such as conventional and soft computing methods are mentioned in the literature to control DC–DC converters to provide maximum power. However, the conventional methods have some disadvantages regarding the oscillations around the MPP, while the soft computing methods take more time to reach the MPP and its high implementation cost. Existing methods of maximum power point tracking (MPPT) are either too slow, too complex, or too oscillatory to achieve optimal performance. Therefore, there is a research gap in developing a fast, simple, and stable MPPT algorithm for solar tree applications.



Numerous optimization algorithms are employed in energy management systems, including metaheuristic techniques like genetic algorithms, particle swarm optimization, and ant colony optimization. These algorithms can adapt to dynamic weather conditions and maximize energy production from solar panels. Recently metaheuristic optimization methods have been addressed in many works to solve complex problems [11,12,13,14,15,16,17,18,19,20]. The novel one is called the Horse herd optimization (HHO) algorithm inspired by horses’ behavior. The authors in [16], introduce HHO for high-dimensional optimization problems with the lowest complexity and least computational cost. In [13], the author applies HHO for validating concrete composition. Feature selection problems utilize a binary version of HHO in [14]. HHO is employed with deep learning in Web page modeling problems [15]. For solving power flow problems multi-objective HHO is used [16]. The sizing problem of the hybrid system is solved by proposing the HHO algorithm [17]. Thermodynamic equilibrium problems are solved by applying Honey Badger and HHO algorithms [18]. To enhance the weight function of the neural network in genetic disorder prediction [19], wild HHO with modification is employed. The above-stated research works show that HHO is applied in many optimization problems but not in MPPT.



Cascaded converters are used to improve the overall efficiency of the PV power system since they are more efficient for applications requiring high power and have low transmission loss (I2R). This paper proposes the cascaded buck-boost converter architecture using the HHO method, which aids in predicting the ideal DC-DC converter duty ratio depending on solar irradiation. The Cascaded converter will buck and boost the desired voltage depending upon the Load by using the HHO algorithm through the Raspberry Pi Pico controller. Lower voltage output ripple, minimal switching loss, and quicker transient response are all benefits of cascaded converters [20,21]. Raspberry Pi PICO is a small computer that provides a flexible environment to develop complex problems [22,23]. There’s limited research on implementing PICO for real-time data acquisition, control of MPPT algorithms, and communication with smart grids.



While existing research covers individual aspects of the proposed system, a clear gap exists in combining these elements for a real-world implementation. By addressing these gaps, this research can contribute significantly to the advancement of efficient and adaptable solar tree systems for urban energy harvesting. In this work, we propose a novel MPPT algorithm based on Horse Herd Optimization (HHO), a bio-inspired optimization technique that simulates the behavior of a herd of horses. HHO has the advantages of high exploration and exploitation capabilities, fast convergence, and robustness to local optima [24,25]. We implement the HHO-MPPT algorithm using Raspberry Pi Pico, a low-cost, high-performance microcontroller board with flexible digital interfaces that can communicate with the solar PV system and the DC-DC converter [26]. We use Raspberry Pi Pico to implement a simple and efficient HHO-MPPT algorithm that can adapt to changing environmental conditions and load requirements. Therefore, we claim that Raspberry Pi Pico-based HHO-MPPT is a novel and effective solution for solar tree systems.



The rest of the article is structured as follows: A description of the system is given in Section 2. The third Section seeks HHO and MPPT algorithms, and Section 3 and Section 4 present the software and hardware results and conclusions, respectively.




2. System Model


Figure 1 and Figure 2 show the circuit diagram and the entire system block. The system block comprised the solar tree, voltage sensor, driver circuit, Raspberry Pi Pico controller for implementing the HHO algorithm, and a PWM generator, a cascaded DC-DC buck-boost type converter, and a utility load. In this work, an artificial solar tree for power generation is designed. Because it can produce as much as 10% more power than conventional PV systems while using just 1% land. In this work, Solar Tree consists of three PV panels/modules. Each panel includes 20 series connected solar cells. To create a PV string, three panels of 60 cells in series are combined and again.



The HHO algorithm is a new metaheuristic algorithm used to generate a duty cycle for the PWM generator. The PWM generator will generate a PWM signal for a cascaded DC-DC buck-boost converter. Load (light and mobile charger) is also connected next to utilized. Both the HHO algorithm and PWM generator are embedded in the Raspberry Pi Pico controller. A cascaded buck-boost controller is used in this work to run a constant DC load. Greater switching speed, simple fault isolation, less input current ripple, high efficiency, greater transient responsiveness by lowering electromagnetic emission and enhanced reliability are all benefits of cascaded converters over traditional buck-boost converters. The positive aspects of the Raspberry Pi Pico include affordability, portability, low power consumption, and suitability for real-time applications.



2.1. Solar Tree System


Natural tree-like structures were developed in this work while using less amount of land to generate maximum solar power output. Phyllotaxy refers to the positioning of leaves on a plant’s stem. It comes in three varieties: whorled, opposite, and alternate phyllotaxy. During alternating phyllotaxy, a single leaf emerges from a branch’s node. Two leaves grow from the node in opposite orientations on plants with opposite phyllotaxy. In plants with whorled phyllotaxy, the node produces three or more leaves. In this work solar tree employs the previously mentioned alternate phyllotaxy pattern. Because the tree is made up of three panels that are 120 degrees apart from one another. Using this method has the advantage of preventing successive panels from shading one another and ensuring that each panel receives an equal amount of solar energy. The Fibonacci pattern is used to arrange the solar panels in a solar tree in a similar way to how leaves and branches are arranged in a real tree. The panels are arranged in different orientations to form the Golden angle, which is a fixed angle concerning each other. The Golden Ratio and Golden Angle in the Fibonacci Series are 1.618 and 137.5°, respectively. One can find the Golden ratio by dividing a Fibonacci number by the one that comes before it. Nearly 1.618 is the ratio.


φ = Fn/Fn − 1 = (1 + √5)/2 = 1.6180339887…











For example, φ = 233/144 =1.618.



The smaller of the two angles formed by dividing a circle’s circumference in half following the golden ratio is known as the “Golden Angle.”



The Golden angle = 360° × Fn/Fn + 2 = 137.5°.



Using the above formula, the angle of any phyllotaxy pattern (1/3, 2/5, 3/8…) can be determined.



The designed system involves a solar panel of capacity 10 W. The detailed specifications are shown in Figure 2. High-quality, completely weatherproof 12 V, 10 W solar panel operates in both sunny and cloudy environments. The pipe length used in this case is 60” inches. For the 1/3 pattern, The Divergence Angle, d = 360 × 1/3 = 120°. The three different lengths of nodes required in the Fibonacci pattern. Hence the lengths L1 = 3”, L2 = 5” and L3 = 8” used as stems which follow the Fibonacci series. The Standard Tilt Angle for North Direction is −30° and South Direction is +30°. Each node has a constant distance of 6 inches. The Solar Tree base is designed rectangle with 1/4” L-Clamps for a Strong basement and is attachable using nuts & bolts for easy transportation are shown in Figure 3a,b. The flowchart in Figure 3b outlines the typical operation of a solar tree system.




2.2. Cascaded Buck-Boost Converter


A basic boost-buck converter depicted in Figure 4 changes a direct current voltage to a greater or lower direct current voltage. Reduced ripple currents in both the input and output circuits are further benefits of a cascaded converter. Higher efficiency is achieved by splitting the output current into two pathways, which significantly reduces I2R and inductor losses.



A Buck-Boost converter converts a positive direct current voltage at the input to a negative direct current voltage at the output. The equation for the output voltage of a cascaded buck-boost converter in terms of the input voltage and the duty cycles of the switches S1 and S2 is given by:


    V   o u t   =   − D   ( 1 − D )     V   i n    



(1)




where D1 and D2 are the duty cycles of S1 and S2, respectively. This equation can be derived by applying the principle of charge balance to the capacitors C1 and C2 and using the fact that the average voltages across the inductors L1 and L2 are zero. Energy is transmitted from the inductor to the capacitor, resulting in a decreasing inductor current and an opposite polarity voltage across the resistor relative to Vin. Two IRF840 power MOSFETs are used in the cascaded buck-boost converter. One is for the buck side another for the boost. This is an N-channel type MOSFET, which can switch loads up to 500 V and 8 A. To drive a MOSFET, a driver circuit is designed that receives gate commands from Raspberry Pi Pico. Its switching speed is very high compared to the Arduino controller. Two separate power supplies are used for the driver circuit and converter circuit to avoid MOSFET saturation which leads to failure. To drive a MOSFET 12 V is required. But the Raspberry Pi Pico controller gives 3.3 V only. So to amplify the voltage, two separate TTL (Transistor–Transistor Logic) circuits are used for two MOSFETs. The driver circuit codlings are written in Python using Thonny IDE. The Raspberry Pi Pico microcontroller, which plays a vital role in controlling the Cascaded converter producing constant switching frequency and variable duty cycle according to the HHO algorithm, is implemented.




2.3. Raspberry Pi Pico Controller


The Raspberry Pi Pico is an inexpensive microcontroller. It, like any other microcontroller, can be used to operate other electronic modules and sensors. Pico is breadboard compatible, with 40 GPIO pins working at 3.3 V (20 on each side) as shown in Figure 5. It is driven by a Dual-Core ARM Cortex M0+ processor. There are no headers on the 40 IO pins, however there are holes to simply solder headers. These 40 pins, as well as the three debug pins, have castellated edges. There are 26 IO pins and 14 power and system-related pins among the 40 pins. In addition to these 40 pins, there are three extra for (Serial Wire Debug) SWD Debugging.




2.4. Proposed Algorithm


As stated in the introduction section, MPPT is necessary for all solar PV plants to increase their efficiency. Our first and most significant task is to figure out which MPPT algorithm is optimal for the application. It is easy to implement conventional techniques like perturb and observe (P&O) and incremental conduction. However, it oscillates around MPP and struggles to adapt to changing environmental conditions. As a result, MPPT shifts to an algorithm based on machine learning (ML). Since ML yields positive results, data collecting is time-consuming, expensive to store data, and takes more effort to apply. In light of the literature review, this work planned to make use of optimization algorithms that already deliver positive outcomes in other disciplines. The chosen optimization algorithm in this research is the Horse Herd Optimization (HHO) algorithm which is further described in the sequential section.



HHO Method


Horse Herd Optimization (HHO) method was introduced in 2021. It is a population-based meta-heuristic approach for high-dimensional optimization problems that is mostly inspired by the behavior of horses being herded. HHO mimics the social behaviors of horses of various ages by utilizing six key features: grazing (G), hierarchy (H), sociability (S), imitation (I), defense mechanism (D), and roaming (R). Based on these behaviors, the HHO algorithm was developed. To find the optimal values of the algorithm’s coefficients, a sensitivity analysis is also carried out. Due to the numerous control factors that are based on the behavior of horses at various ages, HHO performs very well in resolving difficult issues in high dimensions. The suggested approach is compared to prominent nature-inspired optimization algorithms such as the grasshopper optimization algorithm (GOA), sine cosine algorithm (SCA), multi-verse optimizer (MVO), moth-flame optimizer (MFO), dragonfly algorithm (DA), and grey wolf optimizer (GWO). The proposed approach is extremely effective for high-dimensional global optimization issues, as demonstrated by the solutions of numerous high-dimensional benchmark functions (up to 10,000 dimensions). In terms of accuracy and efficiency with the lowest computational cost and complexity, the HHO algorithm likewise performs better than the aforementioned well-known optimization techniques. To choose features for high dimensional datasets, the Discrete Binary Horse Optimization Algorithm (DBHOA), a modified version of HHO, was used. Some bio-inspired algorithms perform better when exploring the search space, whereas others perform better when applied to the search space.



The authors applied novel Metaheuristic approaches to the HHO method for reproducing the MPPT with a solar panel. Here, the HHO approach is used to calculate the global MPP of PV systems under non-uniform illumination or partial shade, or the peak available MPP for uniform illumination.



The primary qualities of horses shown in Figure 6 are taken into account when developing the horse herd optimization algorithm.



	
Mare (Female Horse)—Ruler—It leads the herd



	
Stallion (Male Horse)—Protector—Keep herd members together



	
Running is the horses’ best form of defense.



	
Due to their poor scores, some horses don’t belong in the herd.



	
Lifespan—25 to 30 Years



	
Vision—360 °



	
Brain weight—623 gm






Horses are classified as per the age they are



	
Delta (Age: Between 0–5)



	
Gama (Age: Between 5–10)



	
Beta (Age: Between 10–15)



	
Alpha (Age: Older than 15)






Horses are relocated in response to Equation (2) on each iteration.


      X  →    m   i , A G E   =     V  →    m   i , A G E   +     X  →    m   ( i − 1 ) , A G E    



(2)




where,



	
Xi, AGEm ith horse location,



	
AGE horse age (α, β, γ, δ) range,



	
I denote existing iterations, and



	
⃗Vi, AGE is the horse’s velocity vector.






Horses behave differently depending on their age. A horse’s lifespan can reach 25 to 30 years [19]. In this context, δ indicates horses that are between 0 and 5 years old, γ denotes that are between 5 and 10 years old, β reveals horses that are 10 and 15 old years, and also α shows above 15 years horses. In this work’s optimization approach, the PV power is the goal function that must be maximized, while the duty cycle of the boost type converter is used as the optimization process variable. According to Equation (2), the particle’s position (di) could be changed.



The velocity can be updated using Equation (3).


          V  →    m   i , α   =     G  →    m   i , α   +     D  →    m   i , α             V  →    m   i , β   =     G  →    m   i , β   +     H  →    m   i , β   +     S  →    m   i , β   +     D  →    m   i , β             V  →    m   i , γ   =     G  →    m   i , γ   +   H   m   i , γ   +     S  →    m   i , γ   +     I  →    m   i , γ   +     D  →    m   i , γ   +     R  →    m   i , γ             V  →    m   i , δ   =     G  →    m   i , δ   +     I  →    m   i , δ   +     R  →    m   i , δ        



(3)







Pasture/eating grass is mathematically represented in accordance with Equations (4) and (5).


      G  →    m   i , a g e   =   g   i       U  ˘  + p   l  ˘        X   m     i − 1       , a g e = α , β , γ , δ  



(4)






    g   m   i , a g e   =   g   m     i − 1   , a g e   ×   ω   g    



(5)




where       G  →    i , a g e     is the ith horse’s motion variable,



    I  ˘    &     u  ˘    are the pasture space’s lower and upper boundaries, respectively, and P is between 0 and 1.



When they are of the 5 to 15 old years, the horses adhere to the rules of hierarchy [19]. It is characterized by Equations (6) and (7).


      H  →    m   i , a g e   =   h   m   i , a g e       X   *     i − 1     −   X   m     i − 1       , a g e = α , β   a n d  



(6)






    h   m   i , a g e   =   h   m     i − 1   , a g e   ×   ω   h    



(7)




where,



Hi,age illustrates how the optimum horse’s position affects the velocity variable, and



X(i−1) displays the optimum horse’s position.



Factor S demonstrates that horses aged 5 to 15 become attracted to the herd that is expressed in Equations (8) and (9):


      S  →    m   i ,   a g e   =   S   m   i ,   a g e         1   N     ∑  j = 1   N      X   j     i − 1         −   X   m     i − 1       , a g e = β , γ  



(8)






    s   m   i , a g e   =   s   m     i − 1   , a g e   ×   ω   s    



(9)




where, Si,agem displays ith horse’s social mobility vector and is also shows in the ith iteration the direction of the concerned horse approaches the herd.



In every cycle, Si,agem declined by the factor of ωs.



N displays the overall number of horses.



The sensitivity analysis of the variables is employed to determine the coefficients S for β horse as well as γ horse. In the Equations (10) and (11) described the mimics behavior of horse.


      I  →    m   i ,   a g e   =   i   m   i ,   a g e         1   p N     ∑  j = 1   p N        X  ^    j     i − 1         −   X     i − 1       , a g e = γ  



(10)






    i   m   i , a g e   =   i   m     i − 1   , a g e   ×   ω   i    



(11)







In Equations (10) and (11),



	
Ii,agem is the ith horse’s motion vector with     X  ^    locations.



	
pN displays the greatest-located horse.



	
The suggested value for p is horses of 10%.



	
In every cycle ωi is the declined factor of i






Equations (12) and (13) illustrate the horses ‘defensive mechanism, which serves to prevent the horse from being in the wrong positions.


      D  →    m   i ,   a g e   =   − d   m   i ,   a g e         1   q N     ∑  j = 1   q N        X  ˇ    j     i − 1         −   X     i − 1       , a g e = α , β a n d γ  



(12)






    d   m   i , a g e   =   d   m     i − 1   , a g e   ×   ω   d    



(13)




where       D  →    i ,   a g e     is the ith horse’s escape vector are given by vector     X  ˇ   .



Moreover, qN displays the horses in the poor rest spots. It has been proposed that q is 20% of all the horses.



In every cycle, di declines the factor of ωd.



A factor r simulates this wandering tendency and presents it as random movement. Baby horses nearly always exhibit roaming, which eventually decreases as they mature. Equations (14) and (15) depicts the process.


      R  →    m   i , a g e   =   r   m   i , a g e   p   X   ( i − 1 )   , a g e = γ ,   δ  



(14)






    r   m   i , a g e   =   r   m     i − 1   , a g e   ×   ω   r    



(15)




where,       R  →    m   i ,   a g e     is ith horse’s random velocity



In every cycle ri,agem declines the factor of ωr.



Equations (4)–(15) are substituted into Equation (3) to generate the velocity vector.



The HHO algorithm gets the voltage and current of the solar tree as its input variables. The current power is calculated from these variables. In this algorithm, the right variables (maximum power) for the search must be picked. If the current power of the ith iterated horse is larger than the former fitness value, set it as current power. Secondly, choose the horse with the greatest overall power to be the global best. After evaluating each horse, each horse’s location and speed can be changed while putting Equations (3) and (4) into consideration. When the ultimate goal is reached, the HHO outputs the ideal duty cycle and the optimum voltage corresponds to the global maximum power. Figure 7 presents the optimization procedure of the HHO algorithm.






3. Results


3.1. Simulation Results


Since, the proposed system utilized three solar panels, the characteristics of panels in series and parallel connected are investigated and are depicted in Figure 8 and Figure 9 and its parameters are tabulated nearby.



Three different cases are studied in MATLAB simulation to analyze the proposed horse herd optimization algorithm.



	
Case 1. Uniform irradiation condition






The P-V and I-V characteristics curve of uniform irradiation with maximum peak current and peak power denoted in red dot is shown in Figure 10. The cascaded buck-boost type converter’s current in output, as well as input, its corresponding voltage, and power waveforms for the same irradiation condition (1000 W/m2), are shown in Figure 11, Figure 12, Figure 13 and Figure 14. The converter’s voltage on the output side was reduced from 59 V to 30 V to obtain the optimum value of 30 V. To maintain its power value of 250 W (three modules of 83.282 W × 3 = 249.846 W), the output current will be increased from 4 A to 8 A.



	
Case 2. Non-Uniform irradiation condition






A PV module in a string is irradiated with 800 W/m2, to create non-uniform irradiation conditions. Figure 15 shows the non-uniform shading’s characteristic curve with peak current and peak power denoted in red round. Based on the waveform, we can determine the maximum power (150 W) and its corresponding optimum voltage (20 V). The boost type converter’s output side and input current, voltage, and power waveforms as well as duty cycle, are shown in Figure 16, Figure 17, Figure 18 and Figure 19. Based on the waveform, we can infer that the converter‘s voltage dropped from 38 V of its input voltage to 20 V, which is its optimum value. As a result, the output current will increase from 3.21 A to 8.02 A to maintain its power value of 150.07 W.



	
Case 3. Non-uniform irradiation with 3 peaks






To generate non-uniform irradiation situations with three peaks, we apply 1000 Watt/m2 through 500 Watt/m2 irradiance towards the PV modules respectively. The curve under non-uniform irradiation with three peaks and global peak current and peak power denoted in red circles are depicted in Figure 20, which indicates that the global peak is 140 W and its corresponding voltage value is 33 V. It is also able to be visible from the curve that there are two local maxima (73 W and 137 W) and global maxima (140 W). Below this situation, the duty cycle, output, and input parameters of I, V, and P waveforms of a boost type are depicted in Figure 21, Figure 22, Figure 23 and Figure 24. Through analyzing the proposed algorithm’s waveform, it’s far evident that the converter’s voltage (V) is an optimum voltage correctly tracked and has decreased from its input voltage value of 33.01 V to 40.11 V as its output. To hold its power of 140.01 W, the output current may be expanded from 3.32 A to 4.24 A.




3.2. Hardware Results


To get the results of the proposed system, it is required to design, test, and investigate each component used. Since the proposed prototype requires a current rating to drive load (light and mobile charger), the parallel connected solar panels are preferred to form solar trees. The solar tree is attached to the converter. The solar PV panel and its specification are depicted in Figure 25. This section discusses the design considerations and values of the converter’s parameters which are tabulated in Table 1.



	1.

	
Input voltage ranges:








Input side minimum Voltage Vin(min) = 8.0 V










Input side maximum Voltage Vin(max) = 11.0 V










Input side average Voltage Vin(avg) = 9.5 V









	2.

	
Output current & voltage ranges:








Output Voltage Vo (Boost) = 12.0 V










Output Voltage Vo (Buck) = 4.0 V










Output Current Io = 1.0 A









	3.

	
Calculation of Duty Cycle (Boost):







Duty Cycle D1 =   1 −     V   in   ( a v g )     V   out       = 20.83%



	4.

	
Calculation of Duty Cycle (Buck):







Duty Cycle D2 =        V   out       V   in   ( a v g )     = 42.10%



	5.

	
Calculation of inductor(Boost):







Inductance L1 =       D   1       V   o u t   −   V   in   ( a v g )       F   S   * Δ   I   L 1       = 564 µH



	6.

	
Calculation of inductor (Buck):







Inductance L2 =       D   2       V   o u t   −   V   in   ( a v g )       F   S   * Δ   I   L 2       = 0.78 H



	7.

	
Calculation of inductor ripples current (Boost):







Inductor Ripple Current ∆I L1 = 20% to 40% of Io = 0.03 A



	8.

	
Calculation of inductor ripples current (Buck):







Inductor Ripple Current ∆I L2 =20% to 40% of Io = 0.118 mA



	9.

	
Output Capacitor selection (Boost):







Output Capacitance CO =       I o ⋅   D   1       F   S ⋅   Δ   V    out            = 22 µF



where,



Output voltage ripple ∆Vout =   E S R ⁡       I   O     1 −   D   1     +   Δ   L   L     2       = 0.378 V



The toroidal core is used in the design of the cascaded buck-boost converter and Bobbin E type core inductor value of 564 μH, 0.8H with respective to output capacitor value of 22 μF and 220 μF and reverses blocking diodes. MOSFET switch IRF540 is chosen for the switching circuit and the gate pulses to the switch are given through Raspberry Pi Pico microcontroller unit operating at 25 kHz switching frequency through pull up & pull down resistor.



Four 12-bit SAR-based analog to digital converters are supported by the Raspberry Pi Pico. Three of the four analog channels can be utilized. The 4th analog channel is for the internal temperature sensor whose value can be read by ADC4 pin. Solar Tree’s voltage and current values are read by Raspberry Pi Pico controller’s ADC pins. The Pi controller is embedded with HHO as well as PWM programs. The HHO algorithm delivers the optimal duty cycle to the PWM algorithm, which in turn sends the corresponding PWM signal to the cascaded buck-boost converter. Hence, for charging 4 V and 8 V battery, the CRO Scope results of PWM waveforms were obtained by analyzing the cascaded buck-boost converter as depicted in Figure 26a,b. The promising results were obtained by analyzing the cascaded converter with respect to 4 V, and 8 V batteries with variable solar voltages encouraging results were obtained as shown in Table 2.



Three panels are required for the development of a basic model of the phyllotaxy pattern in order to keep things simple. The specification of the solar panel is tabulated in Table 3. As a result, three 10 W panels totaling 30 W are chosen. It has been implemented A solar tree of three 10 W PV panels connected using a 1/3 spiral or alternate phyllotaxy pattern shown in Figure 25 and its PWM is shown in Figure 26a,b. Raspberry Pi GPIO pins can generate PWM signals based on the duty cycle. The hardware PWM output on the Raspberry Pi is connected to GPIO18 (P1–12). In this setup, the Raspberry Pi utilizes its GPIO pins to generate PWM signals, allowing for precise control over the duty cycle of a square wave. This PWM output is facilitated by the hardware PWM capabilities of the Raspberry Pi, with GPIO18 (P1–12) specifically designated for this purpose. These PWM signals are then employed to regulate the power output of a cascaded buck-boost converter, a DC-DC converter capable of adjusting voltage levels as needed. The battery voltage dictates the PWM voltage levels generated by the Raspberry Pi, ensuring compatibility with the system’s requirements. This integrated control mechanism enables the Raspberry Pi to effectively manage and adjust the output voltage of the buck-boost converter, offering flexibility and efficiency in various applications. The cascaded buck-boost converter can be controlled using PWM signals from the Raspberry Pi Depends upon the size of the battery voltage the Raspberry pi controller can generate PWM of 4 V or 8 V. The panels are connected with a cascaded buck-boost converter for obtaining maximum power from the solar panel which is controlled utilizing Raspberri pi pico controller. The separate driver circuit is designed for each MOSFETs as a switching device used for cascaded buck-boost converter. The entire setup of solar tree can be installed in public places like parks, gardens, hospitals, or schools with LED light and mobile charging facilities. In this study 12W LED light is used who’s spectrum with wavelengths ranging from 380 nm to 940 nm. It enhances the beauty of the places as well as reduces the space occupied than common ground mounted solar panels.



The comparison table of the optimal voltage and efficiency for each of the three test cases, as produced by the proposed HHO-MPPT algorithm, is shown in tabular form in Table 4. MPPT efficiency is a measure of how well a maximum power point tracking (MPPT) technique can extract the maximum power from a solar panel and deliver it to a battery or a load. MPPT efficiency can be calculated by dividing the output power of the MPPT by the input power of the solar panel, and multiplying by 100%. The formula is:


MPPT efficiency = (Input power of solar panel/Output power of MPPT) × 100%








I-V and P-V characteristic curves make it evident that, in general, without HHO-MPPT algorithm provided the voltage corresponds to the last/local maximum power point. A duty cycle offline was supplied by the proposed HHO-MPPT algorithm in MATLAB code to the Raspberry Pi PICO controller, which implements the PWM technique. The controller delivers optimal outcomes when it operates at an optimal duty cycle.





4. Conclusions


In this work, a novel metaheuristic optimization methodology of Horse Herd type implemented in a Raspberry Pi Pico controller is suggested to provide an offline duty cycle of cascaded buck-boost converter for solar tree application. Solar tree uses three panels connected using a spiral phyllotaxy pattern to prevent shading of other panels. Furthermore, solar tree structure decreases the land usage and increases the city’s beauty. The cascaded buck-boost converter provides a duty cycle with fewer ripples in both input as well as output waveforms. Raspberry Pi Pico controller is an ultra-powerful dual-core, flexible microcontroller board with onboard flash memory that provides a duty cycle for a cascaded buck-boost converter. HHO algorithm is first simulated using MATLAB and a characteristics study is performed under three different cases where the proposed technique accurately identified the global maximum peak power value from other local peak values, which would be impossible without the specified algorithms. The results of our efficiency analysis show that our proposed MPPT technique can achieve the maximum power point (MPP) faster and more accurately. Since it provides outperformed results the same algorithm is validated using proto-type hardware and is compared with and without the proposed algorithm. From the results, it is recommended that MPPT use the same HHO metaheuristic optimization approach for future PV installations as well.



For future work, the work can be extended in the study to other types of solar tree systems, such as the ones with different geometries, orientations, and configurations. It is also intended to explore other optimization techniques that can improve the MPPT performance under dynamic and uncertain environments. Additionally, a smart MPPT system can be developed that can monitor and control the PV system remotely using the Internet of Things (IoT) technology.
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Figure 1. Circuit diagram. 






Figure 1. Circuit diagram.
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Figure 2. System block diagram. 






Figure 2. System block diagram.
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Figure 3. (a) Solar Tree front and top view; (b) Flowchart of Solar Tree. 
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Figure 4. Cascaded buck-boost converter circuit diagram. 
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Figure 5. Board layout of Raspberry Pi Pico Controller. 
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Figure 6. Characteristics of HHOA. 
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Figure 7. Flowchart of HHOA. 
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Figure 8. Characteristics curves of three Solar panels connected in series. 
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Figure 9. Characteristics curves of three Solar panels connected in parallel. 






Figure 9. Characteristics curves of three Solar panels connected in parallel.



[image: Sustainability 16 03788 g009]







[image: Sustainability 16 03788 g010] 





Figure 10. Characteristics curve under uniform irradiation for all 3 PV modules. 
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Figure 11. DC-DC boost converter’s Duty cycle. 
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Figure 12. Converter’s current waveforms—input side and output side. 
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Figure 13. Converter’s voltage waveforms—Input Side and Output Side. 
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Figure 14. Converter’s power waveforms—Input Side and Output Side. 
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Figure 15. Solar Panel’s Characteristics Curves under partial shading. 
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Figure 16. Duty cycle of converter. 
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Figure 17. Converter’s Current waveforms—Output side and input side. 
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Figure 18. Converter’s Voltage waveforms—Output side and input side. 
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Figure 19. Converter’s Power waveforms—Output side and input side. 
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Figure 20. Characteristics Waveforms of solar panel under partial shading. 






Figure 20. Characteristics Waveforms of solar panel under partial shading.



[image: Sustainability 16 03788 g020]







[image: Sustainability 16 03788 g021] 





Figure 21. Duty cycle of converter. 
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Figure 22. Converter’s Current waveforms—Output side and input side. 
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Figure 23. Converter’s Voltage waveform—Output side and input side. 
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Figure 24. Converter’s Power waveforms—Output side and input side. 
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Figure 25. Converter’s Power waveforms—Hardware setup. 
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Figure 26. (a) Scope 4 V, (b) Scope 8 V. 
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Table 1. Cascaded Buck & Boost Converter Parameters.
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	S. No
	Parameters
	Theoretical Values





	1.
	Input voltage Vin(avg)
	9.5 V



	2.
	Efficiency of the converter (ŋ)
	99%



	3.
	Buck Inductor (L1)
	0.78 H



	4.
	Boost_Inductor (L2)
	564 µH



	5.
	Buck_Capacitor (C1)
	220 µF



	6.
	Boost_Capacitor (C2)
	22 µF



	7.
	Switching frequency (FS)
	25 kHz



	8.
	Buck_Duty cycle (D1)
	42.10%



	9.
	Boost_Duty cycle (D2)
	20.83%



	10.
	Load resistance (RL)
	1000 Ὠ



	11.
	Ripple Voltage on Output side (ΔVout)
	1.627 V



	12.
	Ripple current in Inductor (∆IL)
	1.347 A



	13.
	Voltage on the Output side (Vout)
	12 V (Boost)



	14.
	Output voltage (Vout)
	4 V (Buck)










 





Table 2. Input and Output tabulation for Battery System.
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S. No

	
Input Voltage Vin(avg)

	
Output Voltage

Vout

	
Cascaded Operation




	
Variable Input

	
Constant Output






	
1.

	
8.00 V

	
4.29 V

	
BUCK

MODE




	
2.

	
8.49 V

	
4.33 V




	
3.

	
9.08 V

	
4.30 V




	
4.

	
9.58 V

	
3.86 V




	
5.

	
10.01 V

	
4.26 V




	
6.

	
10.41 V

	
3.87 V




	
7.

	
11.07 V

	
4.93 V




	
8.

	
11.94 V

	
4.17 V




	
9.

	
8.00 V

	
7.45 V

	
BUCK

MODE




	
10.

	
8.49 V

	
8.38 V




	
11.

	
9.08 V

	
7.89 V




	
12.

	
9.58 V

	
8.02 V




	
13.

	
10.01 V

	
8.07 V




	
14.

	
10.41 V

	
8.15 V




	
15.

	
11.07 V

	
8.17 V




	
16.

	
11.94 V

	
8.15 V




	
17.

	
8.00 V

	
15.80 V

	
BOOST

MODE




	
18.

	
8.49 V

	
16.02 V




	
19.

	
9.08 V

	
16.04 V




	
20.

	
9.58 V

	
16.07 V




	
21.

	
10.01 V

	
16.20 V




	
22.

	
10.41 V

	
16.30 V




	
23.

	
11.07 V

	
16.92 V




	
24.

	
11.94 V

	
16.96 V




	
25.

	
8.00 V

	
20.50 V

	
BOOST

MODE




	
26.

	
8.49 V

	
21.00 V




	
27.

	
9.08 V

	
20.00 V




	
28.

	
9.58 V

	
20.50 V




	
29.

	
10.01 V

	
20.00 V




	
30.

	
10.41 V

	
20.50 V




	
31.

	
11.07 V

	
20.00 V




	
32.

	
11.94 V

	
20.50 V




	
33.

	
8.00 V

	
24.30 V

	
BOOST

MODE




	
34.

	
8.49 V

	
25.20 V




	
35.

	
9.08 V

	
23.60 V




	
36.

	
9.58 V

	
25.00 V




	
37.

	
10.01 V

	
23.60 V




	
38.

	
10.41 V

	
24.30 V




	
39.

	
11.07 V

	
25.20 V




	
40.

	
11.94 V

	
25.00 V











 





Table 3. Solar Panel and its Specification.
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	S. No
	Parameters
	Rating





	1
	Maximum power
	10.0 W



	2
	Open circuit voltage
	21.6 V



	3
	Short circuit current
	0.65 A



	4
	Maximum power voltage
	19.6 V



	5
	Maximum power current
	0.59 A










 





Table 4. Comparison Table.
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S. No.

	
Test Cases

	
Optimum Voltage (V)

	
Efficiency (%)




	
With HHO-MPPT

	
Without HHO-MPPT

	
With HHO-MPPT

	
Without HHO-MPPT






	
1

	
Uniform irradiation condition

	
29.1

	
29.5

	
97.2

	
96.8




	
2

	
Non-uniform irradiation condition with 2 peaks

	
35.3

	
20.2

	
98.1

	
56.4




	
3

	
Non-uniform irradiation condition with 3 peaks

	
34.7

	
37.0

	
94.0

	
93.2
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