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 The conventional maximum power point tracking (MPPT) method such as 

perturb and observe (P&O) under partial shading conditions with  

non-uniform irradiation, can get trapped on local maximum power point 

(LMPP) and cannot reach global maximum power point (GMPP). This study 

proposes a bio-inspired metaheuristic algorithm spotted hyena optimizer 

(SHO) and improved SHO as a new MPPT technique. The proposed  

SHO-MPPT and improved SHO-MPPT are used to extract GMPP from solar 

photovoltaic (PV) arrays operated under uniform irradiation and  

non-uniform irradiation. Simulation with Powersim (PSIM) and 

experimental with the emulated PV source were presented. Furthermore, to 

evaluate the performance of the proposed algorithm, SHO-MPPT is 

compared with P&O-MPPT and particle swarm optimization (PSO)-MPPT. 

The SHO-MPPT has an accuracy of 99% and has the good capability, but 

there are power fluctuations before reaching MPP. Therefore, improved 

SHO-MPPT was developed to get better results. The improved SHO-MPPT 

proved high accuracy of 99% and faster than SHO-MPPT and PSO-MPPT in 

tracking the maximum power point (MPP). Furthermore, there are minor 

power fluctuations. 
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1. INTRODUCTION 

 Renewable energy sources are an important role as a solution for dependence on fossil fuel. Therefore, a 

worldwide special attention was devoted to clean energy especially through energy efficiency plans, 

involving low carbon products and services [1]. Many countries are already using renewable energy sources 

for electricity generation because they consider the impacts of climate change that fossil fuels can cause. The 

growth of renewable energy technology is driven by the increasing price of fossil fuels and CO2 emissions 

produced [2]. Photovoltaic (PV) systems are one of the most popular renewable energy sources. PV converts 

solar power into electricity. There are many types of technologies used to generate electricity based on the 

PV principle. Crystalline silicon is the main technology used commercially, but there are other technologies 

that are under intense research to produce more efficient solar cells [3]. 

PV systems have advantages converting solar energy to electricity which is abundant, inexhaustible 

and clean. PV systems also have disadvantage of not having the reliability of capturing solar energy. PV 

array is an interconnected system of PV modules. The output power of the PV array is affected by 

environmental conditions including solar irradiation and temperature. In a wide area, there are several 

conditions where the PV module is covered by clouds and leaves. this condition causes partial shading and 

non-uniform irradiation. The output power characteristic of PV under partial shading condition exhibits 

https://creativecommons.org/licenses/by-sa/4.0/
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multiple peaks: a single global maximum power point (GMPP) and several local maximum power point 

(LMPP) [4]. 

To enhance the efficiency of the PV systems and get maximum power from solar PV the maximum 

power point tracking (MPPT) technique is needed. Several conventional MPPT techniques include constant 

voltage tracking (CVT) [5], open-circuit voltage tracking (OVT) [6], perturb and observe (P&O) [7]–[9], and 

incremental conductance (IC) [10]. may fail to track GMPP and trapped at LMPP. Many advanced methods 

based on artificial intelligence have been proposed, such as fuzzy logic control, artificial neural network 

(ANN), genetic algorithm (GA) [11], differential evolution (DE) [12], gray wolf optimizer (GWO) [13], salp 

swarm algorithm (SSA) [14], ant colony optimization (ACO) [15], artificial bee colony (ABC) [16], particle 

swarm optimization (PSO) [17] can successfully applied to track GMPP. In addition new metaheuristic 

algorithms such as manta ray foraging optimization (MRFO) [18], a bat algorithm (BA) [19] have been 

developed and applied for MPPT. 

The spotted hyena optimizer (SHO) is a metaheuristic optimization algorithm inspired by the 

behavior of spotted hyenas. The main concept behind this algorithm is the social relationship between spotted 

hyenas and their collaborative behavior. The three basic steps of the SHO are searching for prey, encircling 

and attacking prey. These three are mathematically modeled and implemented. SHO algorithm has better 

statistical results than GWO, PSO, moth-flame optimization (MFO), multi-verse optimizer (MVO), sine 

cosine algorithm (SCA), gravitational search algorithm (GSA), genetic algorithm (GA), and harmony search 

(HS) methods in solving optimization problems. SHO algorithm also requires less computation to find 

optimal solutions [20]. Therefore, the SHO algorithm and improved SHO algorithm are proposed for MPPT 

to enhance the performance and efficiency of PV system. 

 

 

2. PV AND BUCK CONVERTER MODELLING 

2.1.  PV cell modelling 

One popular model of PV cells is a single diode equivalent circuit model. The equivalent circuit of 

this model consists of a parallel current source, a diode parallel to the current source, and two resistors 

namely a parallel resistor (𝑅𝑠ℎ) and a series resistor (𝑅𝑠), as shown in Figure 1. These two resistors reflect the 

value of the internal resistance of the cell. This PV cell model represents the electrical behavior of p-n 

junction [21]. 

 

 

 
 

Figure 1. Single diode model for equivalent circuit of the PV 

 

 

From the single diode equivalent circuit, the output current of PV module can be expressed: 

 

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝐷 − 𝐼𝑠ℎ    (1) 

 

𝐼𝐷 = 𝐼𝑠 (𝑒
𝑞 

𝑉𝐷
 η.𝑘.𝑇0 − 1)  (2) 

 

𝑅𝑠ℎ =
𝑉𝐷

𝑅𝑠ℎ
  (3) 

 

𝑉𝐷 = 𝑉𝑝𝑣 + 𝐼𝑝𝑣 . 𝑅𝑠 (4) 
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𝐼𝑝ℎ =
𝐺

1000
(𝐼𝑠𝑐 + 𝐶𝑇(𝑇 − 𝑇0)) (5) 

 

𝐼𝑝𝑣 is resulted by 𝐼𝑝ℎ , 𝐼𝐷 and 𝐼𝑠ℎ represented in (1). 𝐼𝑝𝑣 and 𝑉𝑝𝑣 are the current and voltage of PV cell modul, 

𝐼𝑝ℎ  is direct current (DC) source model for electrical current produced by solar irradiation, 𝐼𝐷 is internal diode 

current and 𝐼𝑠ℎ is shunt resistance current. 𝐼𝐷 is represented in (2). 𝐼𝑠 is the dark saturation current of the PV 

cell, 𝑉𝐷 is internal diode voltage, q is the electrical charge constant (1.6×10-9C), η is the diode quality factor, 

𝑘 is Boltzman’s constant (1.38×10-23 J/K) and 𝑇0 is temperature in standard test condition. 𝐼𝑠ℎ is represented 

in (3). 𝑉𝐷 is represented in (4). 𝑅𝑠 and 𝑅𝑠ℎ are series and shunt resistors of PV cell. 𝑅𝑠 and 𝑅𝑠ℎ represent an 

internal resistance and leakage resistance. 𝐼𝑝ℎ is represented in (5). 𝐼𝑠𝑐  is the short circuit current value in the 

solar panel, G is the solar irradiation value (W/m2), T is the ambient temperature, and 𝐶𝑇 is temperature 

coefficient. 

 

2.2.  PV module characteristic 

The PV module characteristics are modeled with I-V characteristics and P-V characteristics. The 

maximum power that PV module can produce depends on environmental conditions of solar irradiation and 

temperature. The specifications of PV module in Table 1 provide in standard test conditions (STC) where 

solar irradiation 1,000 W/m2 and cell temperature 25 °C. The PV module used has a capacity of 100 W with a 

maximum voltage of 17.6 V volts and a maximum current of 5.62 A. The P-V curve with the difference solar 

irradiation values is shown in Figure 2. PV module will reach their maximum power when the solar 

irradiation value is 1,000 W/m2 and cell temperature 25 °C. The I-V curve of PV module at STC condition is 

shown in Figure 3. 

 

 

Table 1. PV module specifications 
No Parameter Symbol Value 

1. Maximum power 𝑃𝑚𝑎𝑥 100 W 

2. Maximum power voltage 𝑉𝑚𝑝 17.6 V 

3. Maximum power current 𝐼𝑚𝑝 5.69 A 

4. Open circuit voltage 𝑉𝑜𝑐 22.6 V 

5. Short circuit current 𝐼𝑠𝑐 6.09 A 

6. Ambient temperature T 25 °C 

7. Solar irradiation G 1,000 W/m2 

 

 

 
 

Figure 2. P-V characteristic of PV module 

 

 

2.3.  Partial shading condition 

Partial shading occurs when the PV array receives non-uniform irradiation. Such a situation occurs 

due to the shadow of clouds, trees, tall buildings, and other objects that fall on the particular portions of the 

PV [22]–[24]. The power generated from panels with partial shading is lower than panels without partial 

shading. Multiple peaks occur in the power-voltage (P-V) curve during partial shading conditions. Figure 4 

shows the PV characteristics in uniform and non-uniform irradiation conditions, where black dots show the 
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GMPP and black triangles show the LMPP. PV array consists of five PV modules with the number of 

maximum MPP is five. Under uniform irradiation, the PV array generate a single MPP. Contrary to partial 

shading, the PV array generates LMPP and GMPP. 

 

 

 
 

Figure 3. I-V characteristic of PV module 

 

 

 
 

Figure 4. P-V characteristics under uniform and non-uniform irradiation 

 

 

3. BUCK CONVERTER 

The electrical circuit of the buck converter is shown in Figure 5. DC-DC buck converter is one of 

the converters to control the DC output voltage. Buck-converter is a step-down converter or DC voltage 

reducer that implements a switching mode power supply (SMPS) system. It is a converter with higher 

efficiency when compared to ordinary voltage-reducing power supply (linear system). 

The buck converter circuit can be formulated by (6)–(10) [25]: 

 

𝑉𝑜 = 𝐷 . 𝑉𝑖  (6) 
 

𝐷 =
𝑡𝑜𝑛

𝑇𝑠
 (7) 

 

𝐿𝑚𝑖𝑛 =
(1 − 𝐷)𝑅

2𝑓
 (8) 
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𝐿𝑓 = (
𝑉𝑖− 𝑉𝑖

∆𝐼𝐿 𝑓
)D (9) 

 

𝐶𝑓 =
1−𝐷

8𝐿(
∆𝑉𝑜
𝑉𝑜

)𝑓2
 (10) 

 

where 𝑉𝑜 and 𝑉𝑖 are the output and input voltages, D is the duty cycle. 𝑉𝑜 represented in (6). The buck 

converter produces an output voltage that is less than or equal to the input voltage. 𝑡𝑜𝑛 is PWM signal 

duration to turn on buck converter switch. 𝑇𝑠 is switching periode. D represented in (7). 𝐿𝑚𝑖𝑛  is the minimum 

inductance needed for continuous current operation, R is load resistance and 𝑓 is the switching frequency. 

𝐿𝑚𝑖𝑛  represented in (8). 𝐿𝑓 and 𝐶𝑓 are the inductor and capacitor filter, respectively. ∆𝐼𝐿 is the inductor ripple 

current. 𝐿𝑓 represented in (9). ∆𝑉𝑜 is the load voltage ripple. 𝐶𝑓 represented in (10). When duty cycle 0% 

means open circuit and when duty cycle 100% means short circuit. The specifications of the DC-DC buck 

converter used are shown in Table 2. 

 

 

 
 

Figure 5. Buck converter electrical circuit 

 

 

Table 2. The specifications of buck converter 
No Parameter Symbol Value 

1 Switching frequency f 20 kHz 
2 Resistor R 3.526 Ω 

3 Inductor L 1.1 mH  
4 Capacitor C 177.15 uF 

 

 

4. PROPOSED METHOD SPOTTED HYENA OPTIMIZATION (SHO) 

In this research, the SHO algorithm and improved SHO were proposed for the MPPT. The 

application of the SHO algorithm for MPPT is expected solve the problem of the conventional MPPT method 

can being stuck at the local maximum power point (LMPP). The experiments test was used emulated PV 

source, emulated PV source is one of the PV testing techniques with unilluminated solar PV and can be 

carried out in the laboratory using a DC power supply. The block diagram for this research is displayed in 

Figure 6. 

The spotted hyena optimizer is a novel proposed metaheuristic swarm intelligence optimization 

method for solve optimization problems. Spotted Hyenas are large dog-like carnivores. They live in 

savannas, grasslands, sub-deserts and forests of both Africa and Asia. They have an ability to fight endlessly 

over territory and food. The main steps of SHO are inspired by hunting behavior of spotted hyenas [21]. 

 

4.1.  Mathematical model and optimization algorithm 

Spotted hyenas are social animals that can communicate with each other through specialized calls 

such as postures and signals. The spotted hyena track prey by sight, hearing, and smell. In this sub-section, 

the mathematical model of the hunting mechanism of the spotted hyenas is divided into four steps, namely 

encircling prey, hunting, attacking prey (exploitation) and search prey (exploration). 

 

4.1.1. Encircling prey 

Spotted hyena can be familiar with the location of prey and encircle them. The spotted hyena which 

near to the prey is the current best candidate and initially is optimum solutions, and according to it the other 
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spotted hyena will update their positions. The mathematical modeling for this phenomenon is represented as 

(11), (12): 

 

�⃗⃗� ℎ = |�⃗� . �⃗� 𝑝(𝑡) − �⃗� (𝑡)| (11) 

 

�⃗� (𝑡 + 1) = �⃗� 𝑝(𝑥) − �⃗� . �⃗⃗� ℎ (12) 

 

where, �⃗⃗� ℎ is the distance of the spotted hyena and the prey, �⃗�  and �⃗�  are the coefficient vectors, �⃗� 𝑝 indicates 

the position vector of prey, 𝑡 is the current iteration, and �⃗�  is the position vector of spotted hyena. The 

coefficient vector can be calculated as (13), (14): 

 

�⃗� = 2ℎ⃗ . 𝑟𝑑 1 − ℎ⃗  (13) 

 

�⃗� = 2. 𝑟𝑑 2 (14) 

 

ℎ⃗ = 5 − (𝐼𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ∗ (
5

𝑀𝑎𝑥𝐼𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛
)) (15) 

 

where, ℎ⃗  is linearly decrease from 5 to 0 as increase the iteration, the decrease ℎ⃗  is for balancing the 

exploration and exploitation. 𝑟𝑑 1 and 𝑟𝑑 2 are the random vectors in range [0, 1]. 

 

 

 
 

Figure 6. Block diagram of PV system 

 

 

4.1.2. Hunting 

Spotted hyenas usually live and hunt in groups and can identify the location of prey. To get a 

mathematical model of hunting behavior, the best search agent is the optimal solution and knows the location 

of prey. The other search agents create clusters towards the best search agents and saved the best solutions 

obtained so far. The mathematical modeling for hunting is represented as (16)-(18): 

 

�⃗⃗� ℎ = |�⃗� . �⃗� ℎ − �⃗� 𝑘| (16) 

 

�⃗� 𝑘 = �⃗� ℎ − �⃗� . �⃗⃗� ℎ (17) 

 

𝐶 ℎ = �⃗� 𝑘 + �⃗� 𝑘+1+. . . +�⃗� 𝑘+𝑁 (18) 

 

where, �⃗� ℎ and �⃗� 𝑘 defines the position of first best spotted hyena and other spotted hyena. 𝑁 is the total 

number of spotted hyena which is represented as (19): 

 

𝑁 = 𝑐𝑜𝑢𝑛𝑡𝑛𝑜ℎ(�⃗� ℎ , �⃗� ℎ+1, �⃗� ℎ+2, . . . , (�⃗� 𝑘 + �⃗⃗� )) (19) 
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where, �⃗⃗�  is a random vector in range of [0.5, 1], 𝑛𝑜ℎ is the number of solution, 𝑐𝑜𝑢𝑛𝑡𝑛𝑜ℎ is count all 

candidate solution after addition with �⃗⃗� , and 𝐶 ℎ is a cluster of 𝑁 number of optimal solution. 

 

4.1.3. Attacking prey 

The mathematical formulation for attacking the prey is represented as (20): 

 

�⃗� (𝑡 + 1) =
𝐶 ℎ

𝑁
 (20) 

 

where �⃗� (𝑡 + 1) save the best solution and updates the position of other search agents according to the 

position of the best agent. The spotted hyena attacks the prey constantly update their position. 

 

4.1.4. Search prey 

Spotted hyenas usually search prey according to the position of cluster spotted hyena, which is 

vector 𝐶 ℎ. Vector �⃗�  half of iteration is use for searching (exploration) and the other half is use for hunting 

(exploitation). When |�⃗� | ≥ 1 is for exploration and when |�⃗� | ≤ 1 is for exploitation to get best solution. 

 

4.2.  The proposed improved SHO 

The purpose of improved SHO algorithm in this study is to improve performance in tracking MPP 

by reducing the time to track MPP, high efficiency and more stable. Based on the SHO algorithm’s 

mathematical model, vector �⃗�  is has a random value that will affect the SHO to avoid stuck in local optima 

not only at the beginning of the iteration but also at the end of the iteration. Vector �⃗�  can cause the SHO 

search agent to approach the optimal solution at the end of the iteration, it can cause more time needed for all 

search agents to settle at GMPP. Therefore, to improve SHO performance in tracking MPP and reducing the 

time needed for all search agents to settle at GMPP, in the improved SHO-MPPT vector �⃗�  which is in the 

(11) and (16) is removed and changed to (21) and (22). 

 

�⃗⃗� ℎ = |�⃗� 𝑝(𝑡) − �⃗� (𝑡)| (21) 

 

�⃗⃗� ℎ = |�⃗� ℎ − �⃗� 𝑘| (22) 

 

In addition, other factors that can affect the stability and time to reach MPP are vector �⃗� , where vector �⃗�  

allows the spotted hyena agent to move away from prey or optimal solution, it can cause spotted hyena 

search agent need more time to approach the optimal solution. The value of the vector �⃗�  is affected by vector 

ℎ⃗ . Vector ℎ⃗  value is linearly decrease from 5 to 0 as increase the iteration. Therefore, to get faster results in 

tracking MPP, it can be by setting the range of vector ℎ⃗ , if the value vector ℎ⃗  is small then the value of vector 

�⃗�  is also small and the spotted hyena search agent can approach the optimal solution faster. In this study 

vector ℎ⃗  value is tested from the range [5, 0], [4, 0], [3, 0], [2, 0] and [1, 0]. The purpose of the test is to get 

the best range vector ℎ⃗  value for MPPT. 

 

4.3.  Steps and flowchart of improved SHO 

The flowchart of improved SHO-MPPT is shown in Figure 7, and the steps of improved SHO 

algorithm are summarized as: 

− Step 1: initialize the spotted hyenas population 𝑃𝑖(𝑖 = 1, 2, . . . , 𝑛).  

− Step 2: initialize SHO parameters and the maximum number of iterations. 

− Step 3: calculate the fitness value of each search agent 

− Step 4: define the group of optimal solutions using (18) and (19). 

− Step 5: update the positions of search agents using (17), (20) and (21).  

− Step 6: if there is a search agent that passes from the boundary, then adjust it. 

− Step 7: calculate the fitness value of each search agent 

− Step 8: update the position of search agent if there is a better solution then previous optimal solution.  

− Step 9: update the group of spotted hyenas 𝐶ℎ.  

− Step 10: if the stopping criterion is met, the algorithm will be stopped. Otherwise, the operation is repeated 

from Step 4. This process is continued until the stopping criterion is satisfied. 

− Step 11: return the best optimal solution, after stopping criteria is satisfied. 
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Figure 7. Flowchart of improved SHO-MPPT 

 

 

5. SIMULATIONS AND EXPERIMENTAL RESULTS 

The proposed algorithm is simulated using Powersim (PSIM), a simulation solution for all power 

electronics applications. Figure 8 shows MPPT simulation circuit consists of 5 PV modules in PSIM. The 

specifications of the DC-DC buck converter used are shown in Table 2. The PV string consist of 5 PV 

modules are used to simulate non-shading and partial shading condition. Several MPPT algorithms are 

designed and tested, including P&O, PSO, SHO, and improved SHO. The test was carried out for several 

conditions. The test conditions are as: 

− Case 1 is a uniform irradiation test, PV array is operated at STC where the solar irradiation and 

temperature value is set constant at 1,000 W/m2 and 25 °C. The maximum power that can be generated is 

500.28 W.  

− Case 2 is partial shading condition with non-uniform irradiation test, the temperature is set constant at  

25 °C and the solar irradiation value is set PV1=900 W/m2, PV2=500 W/m2, PV3=300 W/m2,  

PV4=200 W/m2 and PV5=100 W/m2. The maximum power that can be generated is 110.69 W. 

To get the best vector ℎ⃗  value for improved SHO-MPPT, vector ℎ⃗  value is tested from the range  

[5, 0], [4, 0], [3, 0], [2, 0] and [1, 0]. The best value from this test will be used for test in cases 1-2. The 

condition for this test is uniform irradiation. PV array is operated at STC where the solar irradiation and 

temperature value is set constant at 1,000 W/m2 and 25 °C. The maximum power that can be generated is 

500.28 W. Figure 9 shows the results of PV output power and duty cycle for vector ℎ⃗  value test. 

To test the performance of the algorithm, several comparison methods are tested. Algorithm 

performance is analyzed based on the accuracy value in tracking MPP, time to reach the MPP, efficiency and 

stability. The following method parameters used in the simulation are shown in Table 3. 

As shown in Figure 9 vector ℎ⃗  with value range [1, 0] can track MPP at t=0.64 s. There is also less 

fluctuation power. In MPP condition there is no oscillation. The maximum power is 489.1 W with and 

accuracy value of 97.76%. Vector ℎ⃗  with value range [2, 0] can track MPP at t=0.58 s. There is also less 

fluctuation power. In MPP condition there is no oscillation. The maximum power is 500,25W with and 

accuracy value of 99.99%. Vector ℎ⃗  with value range [3, 0] can track MPP at t=0.95 s. In MPP condition 

there is no oscillation. Before reach the MPP, there is fluctuation power. The maximum power is 500,12 W 

with and accuracy value of 99.99%. Vector ℎ⃗  with value range [4, 0] can track MPP at t=1.17 s. In MPP 

condition there is no oscillation. Before reach the MPP, there is fluctuation power. The maximum power is 
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499.6 W with and accuracy value of 99.86%. Vector ℎ⃗  with value range [5, 0] can track MPP at t=1.11 s. In 

MPP condition there is no oscillation. Before reach the MPP, there is fluctuation power. The maximum 

power is 500.17 W with and accuracy value of 99.97%. Based on the test results, the vector ℎ⃗  value which 

shows the best performance for MPPT is vector ℎ⃗  with value range [2, 0]. The vector ℎ⃗  value with range  

[2, 0] will be used to test in cases 1–3. 
 

 

 
 

Figure 8. MPPT simulation circuit consists of 5 PV modules in PSIM 

 

 

 
 

Figure 9. vector ℎ⃗  value for improved SHO-MPPT 

 

 

Table 3. Method parameters used 
Method Parameter Value 

P&O Duty cycle start 0% 

Duty cycle step 3% 

PSO Number of search agent 5 
Duty cycle initialization {0.05, 0.2, 0.5, 0.7, 0.9} 

Max iteration 15 
C1, C2, W 1.2, 1.4, 0.5 

SHO 

Improved SHO 

Number of search agent 5 

Duty cycle initialization {0.15, 0.3, 0.5, 0.7, 0.9} 

Max iteration 15 
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As shown in Figure 10 the results of case 1, P&O, PSO, SHO and improved SHO can track the MPP 

where the maximum power value of case 1 is 500.2 W. What makes different is time to track MPP and power 

fluctuations. The P&O can reach MPP rapidly at t=0.35 s, but there are oscillations at MPP conditions where 

it can increase power losses. The power oscillation value in MPP conditions ranges 499.86–462.3 W. PSO 

can track MPP at t=1.26 s, and there is no oscillation during the MPP condition. In the MPP condition, the 

output power is 499.6 W with an accuracy value of 99.86%. SHO can track MPP correctly at t=1.71 s, and 

there is no oscillation during the MPP condition, but before reaching MPP, there are fluctuation power. In the 

MPP condition, the output power is 497.6 W with an accuracy value of 99.48%. Improved SHO can track 

MPP at t=0.45 s and faster than PSO and SHO. There is no oscillation during the MPP condition. Before 

reaching MPP, there is also less fluctuation power. In the MPP condition, the output power is 500.26 W with 

an accuracy value of 99.99%. 

 

 

 
 

Figure 10. Case 1 uniform irradiation test at STC 

 

 

As shown in Figure 11 the results of case 2, P&O fail to reach the GMPP and stuck in LMPP, and 

the other algorithm can reach the GMPP at different time. The maximum power of P&O is 91.3 W, and there 

is oscillation at MPP condition, where it can increase power losses. PSO can track MPP correctly at t=1.73 s, 

and there is no oscillation during the MPP condition, but before reaching MPP, there are fluctuation power. 

In the MPP condition, the output power is 110.65 W with an accuracy value of 99.96%. SHO can track MPP 

correctly at t=1.72 s, and there is no oscillation during the MPP condition, but before reaching MPP, there are 

fluctuation power and duty cycles. In the MPP condition, the output power is 109.8 W with an accuracy 

value of 99.2%. Improved SHO can track MPP at t=0.77 s and faster than PSO and SHO. There is no 

oscillation during the MPP condition. Before reaching MPP, there is also less fluctuation power. In the MPP 

condition, the output power is 110.4 W with an accuracy value of 99.74%. 

From the results of simulation for cases 1 and 2, the comparison data of four methods is obtained as 

shown in the Table 4. To evaluate and verify the performance of the proposed Improved SHO-MPPT and 

SHO-MPPT, experiments are conducted in a laboratory setup with unilluminated solar PV technique. The 

experimental prototype was built as shown in Figure 12. Experimental circuit consists of 3 PV connected in 

series. The microcontroller STM32F746G Discovery was used to provide PWM signal for dc-dc converter. 

The load was used Rigol DL3021 dc electronic load. The sensor was used is ACS712-20A and voltage 

divider for current and voltage sensor. The result of maximum power was measured with digital multimeter 

and clamp meter.  

The experiments tests were performed on experimental prototypes, the proposed improved SHO-

MPPT and SHO-MPPT was presented. The method parameter used for the test is in Table 3. Figure 13 shows 

the PV output performance under partial shading with non-uniform irradiation 1,000 W/m2, 600 W/m2 and 

400 W/m2. The maximum power for this case is 133.4 W. Therefore, the sampling time value between the 

simulation and the experiment is different, this is needed to obtain accurate PV output current. The sampling 
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time was used for the simulation is 0.02 s and for the experiment is 0.5 s. Figure 13(a) shows the 

performance improved SHO-MPPT and Figure 13(b) shows the performance SHO-MPPT test under partial 

shading condition. The proposed improved SHO-MPPT can track MPP faster and reduce fluctuation power 

compare to SHO-MPPT. Time of tracking MPP improved SHO-MPPT is 31 s and SHO-MPPT is 46 s. The 

maximum power improved SHO-MPPT is 132.61 W and SHO-MPPT is 132.26 W, from that result the 

accuracy of improved SHO-MPPT and SHO-MPPT for tracking the MPP is above 99%. 

 

 

 
 

Figure 11. Case 2 partial shading with non-uniform irradiation test 

 

 

Table 4. Comparison of test results 
Case GMPP P&O PSO SHO Improved SHO 

𝑃𝑚𝑎𝑥 

(W) 

𝑃𝑚𝑝𝑝𝑡 

(W) 

Accuracy 

(%) 

Time 

(s) 
𝑃𝑚𝑝𝑝𝑡  

(W) 

Accuracy 

(%) 

Time 

(s) 
𝑃𝑚𝑝𝑝𝑡 

(W) 

Accuracy 

(%) 

Time 

(s) 
𝑃𝑚𝑝𝑝𝑡 

(W) 

Accuracy 

(%) 

Time 

(s) 

1 500.28 499.8 99,91 0.35 499.6 99.86 1.26 497.6 99.48 1.71 500.26 99.99 0.45 
2 110.69 91.3 82,48 0.21 110.65 99.96 1.73 109.8 99.2 1.72 110.4 99.74 0.77 

 

 

 
 

Figure 12. Experimental prototype with unilluminated solar PV of MPPT system 
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(a) 

 

 
(b) 

 

Figure 13. PV array output performance under partial shading with non-uniform irradiation 1000 W/m2,  

600 W/m2, 400 W/m2 (a) improved SHO-MPPT and (b) SHO-MPPT 

 

 

6. CONCLUSION 

In this study, the proposed SHO-MPPT and improved SHO-MPPT are tested, and other comparison 

algorithms such as P&O and PSO are used to test the algorithm performance for MPPT under uniform and 

partial shading. The simulation results show that the best vector ℎ⃗  value range for improved SHO-MPPT is 

(2, 0), there is less fluctuation power, fast to track the MPP and high accuracy. The simulation results show 

that the P&O-MPPT can track MPP fast, but in MPP condition, there is oscillation, where it can increase 

power losses. Besides that, when partial shading with non-uniform irradiation, the P&O-MPPT failed to get 

GMPP and trapped in LMPP. The SHO-MPPT can track the MPP with an accuracy value above 99% and 

increase the efficiency by reducing oscillations around the MPP. However, before reach MPP, there is 
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fluctuation power. The improved SHO-MPPT has better performance results than the PSO-MPPT and SHO-

MPPT. The improved SHO has an accuracy value above 99%, can reach MPP faster and reduce the power 

fluctuations better than SHO-MPPT and PSO-MPPT. The experimental results show that the improved SHO-

MPPT can track MPP faster and reduce power fluctuation better than SHO-MPPT. 
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