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Abstract - Climate conditions that cause Power Quality (PQ) issues greatly affect the electricity produced by Renewable Energy 

Sources (RES), such as Photovoltaic (PV) systems, which need quick adjustment of energy transmission and distribution 

systems. To mitigate reactive power compensation and lower voltages well, sag, and Total Harmonic Distortion (THD), the 

Distribution Static Synchronous Compensator (DSTATCOM) is exploited. The function of DSTATCOM is effectively managed 

by a Decoupled Neural Network (DNN) controller. The DSTATCOM receives the power from the PV system, and its voltage is 

enhanced by an improved cascaded boost converter. Furthermore, the Horse Held Optimization (HHO) based Fuzzy Maximum 

Power Point Tracking (MPPT) is employed to track peak power from the PV system. MATLAB/Simulink platform is employed 

to assess the validation of the developed DSTATCOM with the control method under the rated capacity of distribution 

generation. Finally, the findings in this research demonstrate the enhanced performance of PV-DSTATCOM while ensuring 

grid integration and improved PQ with Total Harmonic Distortion (THD) values of 1.10%, 0.71%, and 1.06%.   

Keywords - DSTATCOM, DNN controller, PV system, Improved cascaded boost converter, HHO-based Fuzzy MPPT. 

1. Introduction 
PQ problems are frequently produced by the use of 

sophisticated electronic equipment and load variations. A 

distribution system is increasingly experiencing issues with 

harmonic generation and voltage sag/swell [1]. Modern 

power electronics and computer-controlled equipment are 

examples of nonlinear loads that are becoming more and 

more common, which is the cause of these difficulties. These 

problems have the ability to harm sensitive equipment and 

result in expensive losses for electrical networks. Electrical 

equipment malfunctions and loads behave strangely when 

there is poor power quality. Recent advances in 

semiconductor technology have led to a large growth in the 

usage of nonlinear loads in distribution systems, raising 

concerns among researchers about PQ issues [2, 3]. In order 

to address PQ concerns, a variety of Flexible AC 

Transmission System (FACTS) controllers are also 

extensively integrated into the load [4, 5]. Thyristor-based 

and Voltage Source Inverter (VSI)-based FACTS controllers 

are the two primary types into which these controllers are 

usually divided [6]. To address the problems with PQ, the 

STATCOM is exploited as a shunt controller, injecting 

current into the line to regulate voltage at and around the 

point of connection, sustain power flow along pre-established 

pathways, and boost the line’s transmission capacity [7]. 

However, a system that has STATCOM installed is unable to 

temporarily regulate the voltages in a real distribution and 

transmission system. Moreover, these STATCOMs are not 

equipped inherently to respond to short, rapid voltage 

fluctuations [8, 9]. Another FACTS device known as the 

Dynamic Voltage Restorer (DVR) compensates for voltage 

sags, swells, and voltage harmonics from loads. A 

distribution feeder uses DVR to safeguard the load against 

errors brought on by voltage sags and swells. DVRs reduce 

harmonics, but if they are not correctly designed and 

controlled, they potentially add additional harmonics to the 

system [10]. In order to accomplish transient-free switching 

and preserve power quality, a Thyristor binary switched 

capacitor is presented in [11]. However, because of 

thyristors’ switching properties, BSCs are not appropriate for 

high-frequency applications. The responsiveness of BSCs 

gets limited and delays get introduced due to the slow 
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switching ability. The Static VAR is represented in [12], and 

depending on the type of incoming circuit, a compensator is 

designed to either inject or absorb reactive power. SVCs 

reduce harmonics, but in some cases, they also produce 

harmonics that need further filtering. 

In order to address power quality concerns brought on by 

nonlinear loads, a DSTATCOM, an interface device between 

solar PV systems and the load, is developed in this research. 

Power quality concerns, including phase imbalance, reactive 

power burden, and harmonics, are addressed by connecting 

solar PV installations to the grid through DSTATCOM. Due 

to its abundance and ability to provide pollution-free energy, 

solar energy has emerged as the most popular renewable 

energy source for power generation [13, 14]. Boost 

converters [15] and cascaded boost converters [16] are DC-

DC converters that have been effectively used to increase the 

PV system output, which is often reduced as a result of 

operating conditions [17]. However, these converters have 

higher output voltage ripple, high peak current, and lower 

efficiency. To overcome such issues, this research develops 

an improved cascaded boost converter to enhance the voltage 

of the PV system. MPPT approaches, such as Perturb and 

Observe (P&O) [18] and Incremental Conductance [19], are 

employed to track peak power from PV systems [20]. The 

slow convergence, fixed perturbation steps, limited 

efficiency in dynamic situations, and oscillation around the 

endpoint are some of the disadvantages of these approaches. 

Particle Swarm Optimization (PSO) [21], the Jaya 

optimization method [22], and Ant Colony Optimization 

(ACO) [23] are examples of optimization algorithms that 

have acquired prominence recently; however, they are 

complicated by their enormous population-sized data. 

Finally, this research implements a Fuzzy MPPT controller, 

and its parameters are tuned by Horse held optimization 

algorithm. 

Although various FACTS devices exist, they face certain 

drawbacks, including restricted dynamic response, additional 

harmonics, and unsuitability for high-frequency applications. 

Also, conventional converters exhibit reduced efficiency, 

high voltage ripple, and increased peak currents. Existing 

MPPT approaches struggle with poor performance and slow 

convergence under dynamic conditions. Hence, there exists a 

need for an integrated system to enhance voltage levels, 

improve power quality, and efficiently extract maximum 

power from PV systems. A novelty of the proposed work lies 

in the integration of an Improved Cascaded Boost converter 

with HHO based Fuzzy MPPT controller in D-STATCOM. 

Additionally, DNN is employed for effective control, thereby 

enhancing power quality. The proposed converter offers 

improved voltage gain with reduced output ripple when 

compared to conventional converters. The MPPT approach 

provides better convergence and adaptability, whereas DNN 

offers superior real-time control performance compared to 

classical approaches. 

The key motivations of this research are, 

• To enhance the power quality, a D-STATCOM is 

implemented, which regulates the reactive power and 

voltage. 

• Implementing an improved cascaded boost converter 

enhances the low voltage of the PV system. 

• The HHO-based fuzzy MPPT controller is used to track 

the maximum power from the PV system, and the horse-

held optimization method enhances its performance. 

 2. Proposed Methodology 
The developed research incorporates DSTATCOM with 

an improved cascaded boost converter to alleviate PQ issues. 

Figure 1 illustrates an advanced power system that 

incorporates a PV system with a grid-connected distribution 

network for proficient power management and enhanced 

system stability. Initially, power electronics-based loads are 

used in power systems that are fed by 3𝜙 AC source, 

encountering source impedance with inductance and 

resistance. If these power quality problems are not addressed, 

they impact voltage stability and lead to equipment failure, 

power losses, and a decrease in power factor. 

 
Fig. 1 Block diagram of PV-based DSTATCOM  
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Therefore, this research develops a DSTATCOM that 

offers reactive power compensation and voltage regulation to 

enhance power quality. It receives DC power from the 

improved cascaded boost converter and absorbs or injects 

reactive power into the grid depending on system demands. 

Here, the low voltage of the PV system is enhanced by 

utilizing an improved cascaded boost converter. After that, 

the peak power of the PV system is tracked by using a Fuzzy 

MPPT controller, which is optimized with the aid of Horse 

held optimization algorithm. Subsequently, the produced 

PWM pulses from the PWM generator are exploited to 

improve the operation of the developed converter. To control 

the real and reactive power, the system integrates a decoupled 

neural network, which generates the control signals for 

DSTATCOM. Then, the PWM generator develops PWM 

pulses for better functioning of DSTATCOM. Furthermore, 

it is attached to a load through a transformer, allowing power 

transfer and voltage level adaptation to meet the requirements 

of the load, ensuring enhanced power quality and reliability.  

2.1. DSTATCOM 
When load balancing, mitigation of harmonic current 

and compensation of reactive current are essential in an AC 

distribution system, a DSTATCOM is a device that is 

utilized. The main part of a DSTATCOM is a Voltage Source 

Converter (VSC), which is composed of a capacitor on a DC 

bus and self-commutating semiconductor valves. A device is 

a shunt connected to a power distribution network via a 

coupling inductance, which is usually accomplished by the 

transformer leaking reactance. DSTATCOM offers load 

balancing, harmonic compensation, and power factor 

correction. Since steady-state reactive power generation does 

not depend on the size of the capacitor, the total size and cost 

of the compensator are diminished. The diagram of a 

DSTATCOM supplying three-phase loads via a three-phase 

AC main is displayed in Figure 2. Three-phase loads are 

nonlinear, imbalanced, trailing power factor, or a 

combination of these loads. Interfacing inductors (𝐿𝑓) are 

utilized at the AC side of the VSC to reduce ripple in 

compensating currents. A ripple filter, which is positioned at 

PCC in parallel with the loads and compensator to filter 

voltage’s high-frequency switching noise, is represented by a 

small series linked capacitor (𝐶𝑓) and resistor(𝑅𝑓).The 

DSTATCOM introduces the harmonics/reactive currents 
(𝑖𝑐𝑎𝑏𝑐) to terminate the load current’s reactive power and 

harmonics component, resulting in compensated load 

reactive power and harmonic-free source currents. The 

necessary compensation’s voltage and current ratings serve 

as the basis for the switches’ ratings. The selection of the 

DSTATCOM ripple filter, DC bus capacitor, voltage, and AC 

inductors are described below, 

2.1.1. DC Bus Voltage 

For PWM management of the VSC of DSTATCOM, the 

DC bus voltage(𝑉𝑑𝑐), which is dependent on PCC voltage, is 

bigger than the amplitude of the AC voltage. 𝑉𝑑𝑐 for a three-

phase VSC is determined by, 

𝑉𝑑𝑐 =
2√2𝑉𝐿𝐿

(√3𝑚)
⁄    (1) 

Where 𝑚 is the modulation index and 𝑉𝐿𝐿 is the 

DSTATCOM’s AC line output voltage. 

 
Fig. 2 Schematic diagram of DSTATCOM 
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2.1.2. DC Bus Capacitor 

When loads are applied, the 𝑉𝑑𝑐  decreases, and when the 

loads are removed, the 𝑉𝑑𝑐  increases, which determines the 

DC bus capacitor design. The formula that governs 𝐶𝑑𝑐 using 

the energy conservation principle is, 

0.5𝐶𝑑𝑐{(𝑉𝑑𝑐
2) − (𝑉𝑑𝑐1

2)} = 𝑘{3𝑉𝑝ℎ(𝑎 𝐼)𝑡}               (2) 

Where 𝑉𝑑𝑐 is the nominal DC voltage, 𝑉𝑑𝑐1 is the DC 

bus’s least voltage level, 𝑎 is the overloading factor, 𝑉𝑝ℎ is 

the voltage of phase, 𝐼 is the current of VSC’s phase, and 𝑡 is 

the amount of time needed to recover the𝑉𝑑𝑐.  

2.1.3. AC Inductor  

The ripple current𝑖𝑐𝑟𝑝𝑝 and switching frequency 𝑓𝑠 all 

influence the selection of AC inductance. The AC inductance 

is, 

𝐿𝑓 = √3𝑚𝑉𝑑𝑐 {12 ∗ 𝑎 ∗ 𝑓𝑠 ∗ 𝑖𝑐𝑟𝑝𝑝}⁄                 (3) 

2.1.4. Ripple Filter 

Using a first-order high pass filter set at half of the e𝑓𝑠, 

the high-frequency noise is eliminated from the voltage at 

PCC. A capacitor with series resistance is selected to act as a 

ripple filter. High impedance at the fundamental frequency 

and low impedance at half of the 𝑓𝑠are features of this filter 

that allow high-frequency noises to pass over the ripple filter 

branch at frequencies greater than the fundamental frequency 

while blocking the fundamental component’s flow at the 

fundamental frequency. The function of DSTATCOM is 

managed by a DNN controller. 

2.2. Decoupled Neural Network Controller 

Incorporating a DNN controller in DSTATCOM 

enhances the performance of the DSTATCOM system. The 

DNN is utilized for complex nonlinear system dynamics and 

simplifies the control design by defining separate sliding 

surfaces for each subsystem, as shown in Figure 3. 

𝑠1 = 𝑐1(𝑥1 − 𝑧) + 𝑥2 = [𝑐11][𝑥1 𝑥2]𝑇 − 𝑐1𝑧 = 𝑐𝑇𝑋12 −
𝑐1𝑧                  (4)  

Another switching line is, 

𝑠2 = 𝑐2𝑥3 + 𝑥4                              (5) 

To preserve the states on the sliding surface, an 

equivalent control is first provided in the decoupled 

controller design. A stable control system is obtained in 

sliding motion, and the system dynamic is unrelated to the 

original system. By setting 𝑠1 to zero, the equivalent control 

is achieved.  

𝑠1̇ = 𝑐1(𝑥1̇ − 𝑧̇) + 𝑥2̇ = 𝑐1𝑥2 − 𝑐1𝑧̇ + 𝑓1 + 𝑏1𝑢 + 𝑑1 = 0(6) 

The input is selected as below for a Lyapunov function 

candidate, 

𝑉 =
1

2
𝑠1𝑠1

2                           (7) 

The time derivative of expression (7), 

𝑉̇ = 𝑠1𝑠1̇ = 𝑠1(𝑐1𝑥2 − 𝑐1𝑧̇ + 𝑓1 + 𝑏1𝑢 + 𝑑1)     (8) 

The controller is split into a control input of equivalent 

and a reaching mode, which is negative, as expression (8).  

𝑢 = 𝑢𝑒𝑞 − 𝑀. 𝑠𝑔𝑛(𝑠1 Φ1⁄ ), 𝑊ℎ𝑒𝑟𝑒 𝑀 > 𝐷1(𝑡) |𝑏1(𝑡)|⁄ (9) 

The system is regulated so that the state approaches and 

strikes the sliding surface when 𝑀 is a positive constant. As 

a result, the trajectory is always transferred in the direction of 

the sliding surface. However, because of the “𝑠𝑔𝑛” function, 

expression (9) has high-frequency switching close to the 

sliding surface (𝑠1 = 0). Therefore, 𝑠𝑎𝑡(𝑠1)with 𝑠𝑔𝑛(𝑠1) is 

replaced in the following way to lessen the chattering 

phenomenon. 

𝑢 = 𝑢𝑒𝑞 − 𝑀. 𝑠𝑎𝑡(𝑠1)                             (10) 

In the sliding motion, an equivalent controller is, 

𝑢𝑒𝑞 =
1

𝑏1
(−𝑐1𝑥2 + 𝑐1𝑧̇ − 𝑓1 + 𝑠̇1 + 𝑘𝑠1)              (11) 

Substituting expression (11) into (6),  

𝑠̇1 + 𝑘𝑠1 = 0 

 
Fig. 3 Structure of DNN  

The goal of control is to return the system state to its 

initial condition of equilibrium. An intermediate variable 𝑧 

gradually simultaneously reduces the switching line variables 

𝑠1 and 𝑠2 to zeros. According to expression (4), the control 

aim of 𝑢1 is now 𝑥1 = 𝑧, 𝑥2 = 0instead of𝑥1 = 0, 𝑥2 = 0. 

Since the entire system is controlled by the controller 𝑢 = 𝑢1, 

the bound of 𝑥1is ensured by letting, 

|𝑧| ≤ 𝑧𝑢𝑝𝑝𝑒𝑟 , 0 < 𝑧𝑢𝑝𝑝𝑒𝑟 < 1                          (12) 
 

Where𝑧𝑢𝑝𝑝𝑒𝑟is the𝑎𝑏𝑠(𝑧)’s upper bound. Expression 

(12) denotes that the 𝑥1’s maximum absolute value is 

restricted.   
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𝑧 = 𝑠𝑎𝑡(𝑠2 Φ𝑧⁄ ). 𝑧𝑢𝑝𝑝𝑒𝑟 , 0 < 𝑧𝑢𝑝𝑝𝑒𝑟 < 1             (13) 

Where𝑠2’s boundary layer is Φ𝑧to smooth𝑧, Φ𝑧shifts 𝑠2 

to the appropriate range of𝑥1 and 𝑠𝑎𝑡(. ) function is, 

𝑠𝑎𝑡(𝜑) = {
𝑠𝑔𝑛(𝜑)  𝑖𝑓|𝜑| ≥ 1

 𝜑                𝑖𝑓|𝜑| < 1  
                            (14) 

Where, 𝑧𝑢𝑝𝑝𝑒𝑟is a factor, and 𝑧 is a decaying oscillation 

signal.DNNs are employed to approximate unknown 

nonlinear functions in 𝑓(𝑥) and 𝑏(𝑥). It contains input, 

hidden, and output layers with weights 𝜔̂ and 𝑣̂ that is 

adaptively updated,  

𝑓(𝑥) ≈ 𝜔̂𝑇𝜎(𝑣̂𝑇𝑥)                                                     (15) 

Where, 𝜎(. )is a nonlinear activation function, and 

updated weights are 𝜔̂ and 𝑣̂. The adaptive laws is derived 

from Lyapunov theory to ensure stability, 

𝜔̇̂ = −𝜂1𝑠1𝜎(𝑥)                                         (16) 

𝑣̇̂ = −𝜂2𝑠1𝜎′(𝑥)𝜔̂                                                     (17) 

Here,𝜂1 and 𝜂2 are learning rates managing weight 

adjustments. The DNN-based controller dynamically adjusts 

the reactive power injected or absorbed by the DSTATCOM. 

By developing compensating currents, the DNN calculates 

and cancels nonlinear distortions from the load, resulting in 

harmonic-free source currents. The decoupled neural 

network-based control of DSTATCOM delivers an effective 

solution for addressing modern power quality issues. It 

ensures robust performance, real-time adaptation, and precise 

regulation of currents and voltages in distribution networks.  

2.3. PV System 

Using a single-diode model, the basic structure of a solar 

cell is determined. To obtain the required voltages, a PV 

array’s modules are commonly connected in series before the 

individual components are connected in parallel. Figure 4 

displays the PV cell’s circuit diagram. The following 

equation is obtained by applying Kirchhoff’s law to the node, 

𝐼𝑃𝑉 = 𝐼𝐷 + 𝐼𝑠ℎ + 𝐼                                            (18) 

The PV current equation is, 

𝐼 = 𝐼𝑃𝑉 − 𝐼𝑠ℎ − 𝐼𝐷                                           (19) 

𝐼 = 𝐼𝑃𝑉 − 𝐼𝑂 . [𝑒𝑥𝑝 (𝑉 + 𝐼.
𝑅𝑆

𝑉𝑇
) − 1] − [𝑉 + 𝐼.

𝑅𝑆

𝑅𝑠ℎ
]       (20) 

 
Fig.  4 Circuit of PV system 

The insolation current is represented by𝐼𝑃𝑉 , the cell 

current is𝐼, the reverse saturation current is𝐼𝑂, the cell voltage 

is 𝑉, and the series resistance is𝑅𝑆. The shunt resistance is 

still needed to balance the isolation current, as indicated by 

Expression 2, based on the cell current. The parallel 

resistance is𝑅𝑠ℎ, thermal voltage is𝑉𝑇, Boltzmann constant 

is𝐾, the temperature is 𝑇, and electron charge is𝑞. The 

improved cascaded boost converter, which raises the PV 

panel’s voltage, is described in depth in the below section.   

2.4. Improved Cascaded Boost Converter 

Figure 5 shows the improved cascaded boost converter. 

It combines a quadratic boost cell with a conventional boost 

converter.  

The circuit’s three inductors are utilized to increase the 

voltage during operations. This circuit has two operational 

modes: on-state and off-state. Both modes are under CCM, 

which is very stable and simple to analyze.  

 
Fig. 5 Improved cascaded boost converter
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2.4.1. Mode I  

In mode 1, the switch 𝑆 is turned on, and the input 

voltage is used to charge 𝐿1. The capacitor𝐶1 charges the 

quadratic cell inductor𝐿2 and both 𝐶1 and 𝐶2 charge the 

inductor 𝐿3. The output capacitor 𝐶3charges the load. 

 𝑉𝐿1 = 𝑉𝑖𝑛                                               (21) 

𝑉𝐿2 = 𝑉𝐶1                                             (22) 

𝑉𝐿3 = 𝑉𝐶1 + 𝑉𝐶2                                            (23) 

 
Fig. 6 Stages of developed converter 

2.4.2. Mode II  

In this mode, the switch 𝑆 is inactive, and three inductors 

are discharged. A high current is sent to the load as a 

consequence of the input voltage and the three inductors 

discharging in series. Consequently, a high level of output 

voltage is generated. In this step, the input voltage and 

inductor 𝐿1charge the capacitor𝐶1. 𝐿2Charges the output 

capacitor 𝐶3 and the load charges the output capacitor 𝐶2 in 

parallel. The functional waveform of the developed converter 

is revealed in Figure 7. 

𝑉𝐿1
′ = 𝑉𝐿1 ×

𝐷

1−𝐷
                                 (24) 

𝑉𝐿2
′ = 𝑉𝐿2 ×

𝐷

1−𝐷
                                 (25) 

𝑉𝐿3
′ = 𝑉𝐿3 ×

𝐷

1−𝐷
                              (26) 

𝑉𝐶2
′ = 𝑉𝐶2 = 𝑉𝐿2

′                               (27) 

 
Fig. 7 Switching waveform of converter 

𝑉𝐶1
′ = 𝑉𝐶1 = 𝑉𝑖𝑛 + 𝑉𝐿1

′                                 (28) 

𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛 + 𝑉𝐿1
′ + 𝑉𝐿2

′ + 𝑉𝐿3
′                            (29) 

The relationship among voltage gain and the duty cycle 

is, 

𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

1

(1−𝐷)3                           (30) 

The maximum power from the PV system is tracked by 

exploiting Fuzzy MPPT, and its performance is improved by 

the HHO algorithm. 

2.5. Horse Herd Optimized Fuzzy MPPT 
One technique for managing the MPPT and determining 

the peak power point is fuzzy logic theory. The fuzzy theory 

deals with uncertainty and inaccuracy regarding the MPP of 

solar PV panels because of variations in load and solar 

irradiation. As illustrated in Figure 8, the fuzzy logic 

membership function has one output rule and two input rules. 

Fuzzification, fuzzy inference, and de-fuzzification are 

further subcategories of the fuzzy control technique.  

2.5.1. Fuzzification 

The transition from real to fuzzy variables is made 

possible via fuzzification. Continuous measurements of the 

PV generator’s real voltage (𝑉) and current (𝐼) allow for the 

calculation of power. When two requirements pertaining to 2 

input variables of the controller are error 𝐸, which denotes 

the slope of the 𝑃 − 𝐼 characteristic, and change of this error 

(𝐶𝐸)are satisfied at a sampling instant 𝐾, the control is 

established. The expression for variables 𝐸 𝑎𝑛𝑑 𝐶𝐸 is, 

𝐸(𝐾) =
𝑃(𝐾)−𝑃(𝐾−1)

𝐼(𝐾)−𝐼(𝐾−1)
                            (31) 

 𝐶𝐸(𝐾) = 𝐸(𝐾) − 𝐸(𝐾 − 1)                            (32) 

Where𝑃(𝐾) and 𝐼(𝐾)denote the PV generator’s power 

and current. The input 𝐶𝐸(𝐾)indicates displacement 
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direction of the operating point at𝐾, whereas the input 

𝐸(𝐾)indicates whether it is on the right or left of the MPP on 

the 𝑃 − 𝐼 characteristic. An output of the developed 

controller is the shift in the duty ratio of the developed 

converter. To return an operation point to the best position 

where the slope is 0, the control is accomplished by 

regulating this duty ratio in accordance with the slope 𝐸(𝐾). 

Figure 8 illustrates that the fuzzy controller’s input variables 

(𝐸, 𝐶𝐸) are obtained from the real signals (𝑒, 𝑐𝑒) by 

multiplying them by the relevant scale gains (𝑆𝐸 , 𝑆𝐶𝐸). Then, 

using a basic fuzzy subset, they are transformed into 

linguistic variables like 𝑃𝐵, 𝑃𝑆, 𝑍0, 𝑁𝑆 𝑎𝑛𝑑 𝑁𝐵.  

2.5.2. Inference Engine 

To find the output of fuzzy, the inference engine uses the 

rules to input fuzzy (developed from the process of 

fuzzification. To determine the corresponding linguistic 

values and the extent to which each component of the 

antecedent has been fulfilled for each rule, the input crisp 

values are fuzzified before the rules are evaluated. By altering 

the duty ratio according to an operating point’s distance from 

the MPP, the rules primarily aim to bring an operating point 

closer to the MPP. If an operating point is far from MPP, the 

duty ratio is greatly increased or decreased.  

 
Fig. 8 Structure of FLC 

2.5.3. Defuzzification  

It is observed that the inference methods work on fuzzy 

information by providing a resulting membership variable 

function. It is necessary to envision a translation of this fuzzy 

data into predictable data, known as defuzzification because 

the converter needs an exact control signal D at its input. The 

center of gravity for a representation of sampled data is 

calculated by, 

∆𝐷 =
∑ 𝜇(∆𝐷𝑗).∆𝐷𝑗

𝑛
𝑗=1

∑ 𝜇(∆𝐷𝑗)𝑛
𝑗=1

                           (33) 

Following defuzzification by expression (33) and scaling 

by the gain 𝑆∆𝐷, the fuzzy controller output, which is the 

change in duty ratio (𝐾), is transformed into the actual duty 

ratio 𝐷(𝐾) by:  

𝐷(𝐾) = 𝐷(𝐾 − 1) + 𝑆∆𝐷. ∆𝐷(𝐾)                          (34) 

Thus, the fuzzy MPPT controller is an effective approach 

to tracking the peak power from PV systems, and its 

performance is enhanced by the HHO algorithm. The HHO 

algorithm addresses issues in attaining the global maxima 

during nonlinear PV output caused by shading. The HHO 

algorithm improves fuzzy MPPT by optimizing the 

initialization and updating of the search space. The algorithm 

dynamically adjusts the searching parameters to explore and 

exploit the P-V curve, avoiding local maxima.   

 
Fig. 9 Mechanism of HHO 

2.5.4. Grazing 

The HHO approach is exploited to denote the grazing 

space of each horse. Each horse grazes in particular locations 

as of the coefficient g. Horses graze throughout their lives, 

regardless of age.  
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𝐺𝑟𝑎𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

= 𝑔𝑖𝑡𝑒𝑟(𝑙𝑜𝑤 + 𝑟 ∗ 𝑢𝑝𝑝)(𝑃𝑚
(𝑖𝑡𝑒𝑟−1)

), 𝑎𝑔𝑒 =

𝛼, 𝛽, 𝛾, 𝛿  (35) 

 

𝑔𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

= 𝜔𝑔 × 𝑔𝑚
(𝑖𝑡𝑒𝑟−1),𝑎𝑔𝑒

     (36) 

In this case, 𝐺𝑟𝑎𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

 indicates the ith horse’s 

parameter of motion. With each iteration, the grazing variable 

diminishes linearly at𝜔𝑔. The variables “𝑙𝑜𝑤” and “𝑢𝑝𝑝” 

represent the bottom and grazing area’s upper limits, and 𝑟 is 

an arbitrary value between 0 𝑎𝑛𝑑 1. 

2.5.5. Hierarchy  

The coefficient ℎ𝑚 in HHO, which is the tendency of a 

group of horses to follow the lead of the strongest and best-

trained horse. Therefore, research has shown that horses obey 

the law of hierarchy while they are between the ages of 5 and 

15 years or the middle ages of 𝛽 𝑎𝑛𝑑 𝛾. 

𝐻𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

= ℎ𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

(𝑃𝑙𝑏ℎ
(𝑖𝑡𝑒𝑟−1)

− 𝑃𝑚
(𝑖𝑡𝑒𝑟−1)

)              (37) 

ℎ𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

= ℎ𝑚
(−1+𝑖𝑡𝑒𝑟),𝑎𝑔𝑒

× 𝜔ℎ                (38) 

Here, 𝐻𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

shows where the best horse is located 

using the velocity variable. The best horse’s position is 

indicated by the𝑃𝑙𝑏ℎ
(𝑖𝑡𝑒𝑟−1)

.  

2.5.6. Sociability (Soc)  

As shown in Figure 9, this behavior is represented by 

elements as a movement in the direction of other horses’ 

typical locations.  

𝑆𝑂𝐶𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

= 𝑆𝑂𝐶𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

[(
1

𝑁
∑ 𝑃𝑗

(−1+𝑖𝑡𝑒𝑟)𝑁
𝑗=1 ) −

𝑃𝑚
(−1+𝑖𝑡𝑒𝑟)

]  𝑎𝑔𝑒 = 𝛽, 𝛾 (39) 

𝑆𝑂𝐶𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

= 𝑆𝑂𝐶𝑚
(−1+𝑖𝑡𝑒𝑟),𝑎𝑔𝑒

× 𝜔𝑆𝑂𝐶    (40) 

The social motion vector that the ith horse is described 

by 𝑆𝑂𝐶𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

. 𝑆𝑂𝐶𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

indicates the horse’s affinity 

toward 𝑖𝑡ℎgroup. 𝑖𝑡𝑒𝑟, which has a parameter of 𝜔𝑆 and is 

reduced in each cycle. An entire number of horses is denoted 

by 𝑁. 

2.5.7. Imitation  

Horses imitate one another, learning from each other’s 

habits, including where to graze. Horses’ imitation behavior 

is also considered a factor 𝐼 in the current approach. 

Throughout their lives, young horses have apropensity to 

mimic their elders, as indicated in Figure 9. 

𝐼𝑚𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

= 𝑖𝑚𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

[(
1

𝑝𝑁
∑ 𝑃𝑗

(−1+𝑖𝑡𝑒𝑟)𝑝𝑁
𝑗=1 ) −

𝑃(−1+𝑖𝑡𝑒𝑟)]  𝑎𝑔𝑒 = 𝛾 (41) 

𝐼𝑚𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

= 𝑖𝑚𝑚
(−1+𝑖𝑡𝑒𝑟),𝑎𝑔𝑒

× 𝜔𝑖𝑚  (42) 

A vector of motion demonstrating the 𝑖𝑡ℎ horse around 

an average of the best horse at position 𝑝 is expressed by 

the𝐼𝑚𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

. On 𝑖𝑡ℎiteration, 𝑖𝑚𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

 indicates a horse’s 

attitude toward the group. Every cycle, this is decreased using 

the ωim parameter. Where 𝑝 is 10% of the chosen horses,𝑝𝑁 

is the number of horses in the best positions. 𝜔𝑖𝑚 is a 

reduction factor per cycle for 𝑖𝑖𝑡𝑒𝑟. 

 
Fig. 10 Flowchart of Horse herd optimized fuzzy MPPT Defense 

Mechanism 



G. Lakshminarayana et al. / IJEEE, 12(5), 261-277, 2025 

 

269 

The horses’ defensive strategy includes running away 

from horses that behave indecorously. Horses have to fight 

their enemies or flee from them, as said earlier. When 

feasible, a horse’s protective system is present at every stage 

of its existence.  

Expressions (43) and (44) show that the horse’s 

protective mechanism, which keeps the animal away from 

hazardous circumstances, is represented by a negative 

coefficient.  

𝐷𝑒𝑓𝑀𝑒𝑐𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

= 𝑑𝑒𝑓𝑚𝑒𝑐𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

[(
1

𝑞𝑁
∑ 𝑃𝑗

(−1+𝑖𝑡𝑒𝑟)𝑞𝑁
𝑗=1 ) −

𝑃(−1+𝑖𝑡𝑒𝑟)] ; 𝑎𝑔𝑒 = 𝛼, 𝛽, 𝛾 (43) 

 𝑑𝑒𝑓𝑚𝑒𝑐𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

= 𝑑𝑒𝑓𝑚𝑒𝑐𝑚
(−1+𝑖𝑡𝑒𝑟),𝑎𝑔𝑒

× 𝜔𝑑𝑒𝑓𝑚𝑒𝑐    (44)   

𝐷𝑒𝑓𝑀𝑒𝑐𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

defines the escape vector of the 𝑖𝑡ℎ 

horse. With 𝑞 representing 20% of the entire number of 

horses, 𝑞𝑁 indicates the number of horses in the poorest 

situations. 𝜔𝑑𝑒𝑓𝑚𝑒𝑐 stands for the reduction factor per cycle 

for 𝑖𝐼𝑡𝑒𝑟. 

2.5.5. Roam 
Horses almost never roam when they are young, and as 

they get older, this behavior gradually diminishes. The roam 

variables are shown in expressions (45) and (46). Figure 10 

shows the Horse herd-optimized fuzzy MPPT’s flowchart.  

𝑅𝑂𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

= 𝑟𝑜𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

𝜕𝑃(−1+𝑖𝑡𝑒𝑟)   𝑎𝑔𝑒 = 𝛾, 𝛿 (45) 

𝑟𝑜𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

= 𝑟𝑜𝑚
(−1+𝑖𝑡𝑒𝑟),𝑎𝑔𝑒

× 𝜔𝑟𝑜  (46) 

In this case, the ith horse’s arbitrary velocity vector for a 

local area search and escape from local minima is𝑅𝑂𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

: 

For each cycle, 𝜔𝑟𝑜 is a reduction factor of𝑟𝑜𝑚
𝑖𝑡𝑒𝑟,𝑎𝑔𝑒

.  

The combined velocity vector is exploited to update the 

position of each horse, ensuring effective convergence 

toward the MPP. The tracking behavior of HHO is 

demonstrated using the duty cycle (𝑑𝑐) and the transient 

value of the output voltage.  

In the upper right corner of the partially shaded power-

voltage curve, there is only one point called Global Maxima 

(GM), with the other three points being Local Maxima (LM).  

Increasing or reducing the number of horses has an 

influence on the PV system’s efficacy; consequently, four 

horses are employed in this case to get good performance 

from the HHO. The power magnitude is used to calculate 

each horse’s fitness. The movement of a horse is determined 

by its matching power at a specific location.  

Algorithm for HHO 

Initialize 𝑚𝑎𝑥𝑖𝑡𝑒𝑟 , 𝑁, 𝑃𝑚, 𝜔ℎ , 𝜔𝑔, 𝜔𝑆𝑂𝐶 , 𝜔𝑟𝑜, 𝜔𝑖𝑚 

Evaluate the fitness of each horse 

 For each horse 𝑚 in 𝑁 

               Measure 𝑉 and 𝐼 from the PV panel 

 Compute 𝑃 = 𝑉 ∗ 𝐼 

              Set 𝑓𝑖𝑡𝑛𝑒𝑠𝑠𝑚 = 𝑃 

For 𝑖𝑡𝑒𝑟 = 1 to 𝑚𝑎𝑥𝑖𝑡𝑒𝑟  

               Identify 𝑃𝑏𝑒𝑠𝑡 , 𝑃𝑤𝑜𝑟𝑠𝑡  

 For each horse 𝑚 in 𝑁 

 Compute movement components and update 

position 

 Apply Fuzzy logic controller: 

  Capture 𝑉, 𝐼 and calculate 𝑃 

                             Compute error 𝐸 and change of error 𝐶𝐸 

                             Fuzzify 𝐸 and 𝐶𝐸 to linguistic variables 

                             Apply fuzzy inference rules to adjust ∆𝐷 

                             Defuzzify to get a change in duty ratio 

                             Adjust duty ratio using Equation (34) 

  Use a new position to refine 𝐷(𝑘) 

                Evaluate new fitness of horse 𝑚 using new duty 

cycle 

                               Measure 𝑉, 𝐼 and calculate 𝑃   

Return best horse position as optimized duty cycle 

End 

3. Result and Discussions 
This section analyses the outcomes of developed PV-

based DSTATCOM for enhancing the power quality. In order 

to verify the developed work’s efficacy, the comparative 

analysis is included in this part. The parameters of developed 

research are represented in Table 1.  

Table 1. Specification of parameters 

Parameter Specification 

AC Source 

Load Resistance 100Ω 

Load Inductance 10mH 

PV system 

Voltage (Open circuit) 22.6V 

Voltage (Short circuit) 12V 

Improved cascaded boost converter 

𝐿1, 𝐿2, 𝐿3 4.7 𝑚𝐻 

𝐶1, 𝐶2 22 𝜇𝐹 

𝐶3 2200𝜇𝐹 

Switching Frequency 10 kHz 
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3.1. Case 1: Constant Temperature and Irradiance 

 
Fig. 11 Behaviour of solar panel  

The behaviour of solar panels for constant temperature 

and irradiance conditions is indicated in Figure 11. The 

temperature is sustained at 35 ℃, and the irradiance is 

maintained at 1000(𝑊 𝑆𝑞. 𝑚⁄ ) in an entire system. 

Subsequently, voltage is sustained at a constant value of 95 

V throughout the system. Additionally, the current varies in 

the starting stage and maintains a value of 60 A with small 

distortions.

 

 
Fig. 12 Waveform of developed converter  

Initially, the voltage of the converter is changed, and it 

sustained a stable value of 800 V with less oscillations. Also, 

the current output current is randomly varied in the initial 

period, and it maintained a value of 7A with little variations, 

as revealed in Figure 12. 
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3.2. Case 2: Varying Temperature and Irradiance 

 
Fig. 13 Characteristics of solar panel 

Figure 13 displays the characteristics of solar panels for 

varying irradiance and temperature conditions. At the starting 

stage, the temperature is varied, and then, it maintained a 

value of 35 ℃. Likewise, the irradiance is changed in the 

initial time, and it is sustained at a value of 1000(𝑊 𝑆𝑞. 𝑚⁄ ). 

The voltage of the solar panel is gradually increased, and it 

settles at a value of 95 V without any distortions. 

Additionally, an input current steadily increases and is 

maintained at 60 A with just minor variations.

 

 

Fig. 14 Waveform of developed converter 

Figure 14 shows the generated converter’s waveform. 

After being originally adjusted, the output voltage settled at 

800 V with only minor variations. Likewise, the output 

current is sustained at a value of 7A with small variations.
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3.3. Case 1: Grid power (20 kW) 

 

Fig. 15 Waveform of grid 

Figure 15 represents the waveform of the grid with 20 

KW power. The voltage of the grid is settled at a constant 

value of 330 V in the entire system. Also, the grid current is 

maintained at a constant value of 30 A throughout the system. 

Consequently, in phase grid voltage and current are 330 V, 

30 A on the whole system.  
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Fig. 16 Waveform of real and reactive power 

The waveform of real and reactive power is presented in 

Figure 16. The real power is sustained at1.5 × 104𝑊, 

representing the constant energy consumption while the 

reactive power is maintained at a value of 0 × 104 𝑉𝐴𝑅. 

3.4. Case 2: Grid Power (10 kW) 

 
Fig. 17 Waveform of grid 

Figure 17 indicates the waveform of the grid with 10 kW 

grid power. The stable value of 330 V is sustained for grid 

voltage. Similarly, a grid current is maintained a value of 30 

A in the entire system. The in-phase grid voltage and current 

have stable values of 330 V 30 A throughout the system. 
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Fig. 18 Waveform of real and reactive power  

The waveform of real and reactive power is represented 

in Figure 18. The real power is settled at a value of 

1 × 104𝑊whereas the reactive power is sustained at a lower 

value in the entire system. 

 
Fig. 19 Waveform of THD 

 

Figure 19 displays the waveform of THD for the R, Y, and B phases. The Y phase has the lowest THD of 0.71% than the 

R (1.10 %) and B (1.06%) phases, representing enhanced power quality. 
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Fig. 20 Analysis of voltage gain 

 
Fig. 21 Analysis of THD  

Figure 20 compares the voltage gain for the designed 

converter, non-isolated high gain [25], and high step-up 

[24]. Compared to other converters, the created converter 

achieves the largest voltage gain, indicating that the 

system’s overall effectiveness has been improved.   This is 

attained through the integration of voltage multiplier stages 

and the careful design of switching control, contributing to 

improved conversion efficiency. 

Figure 21 provides a comparative analysis of the Total 

Harmonic Distortion (THD) for the R, Y, and B phases with 

a Fuzzy Sliding Mode Controller (FSMC) [26] and DNN. 

The DNN controller has the lowest THD of 

1.10 %, 0.71% 𝑎𝑛𝑑 1.06% (R, Y, and B phases) than the 

FSMC approach, thereby minimizing THD across all three 

phases, making it a more effective approach for decreasing 

harmonic distortion compared to FSMC. The DNN 

controller allows generalization and optimization in real-

time due to its training on a wide range of operating 

conditions. It maintains optimal control performance owing 

to its ability to continuously learn and adjust internal 

parameters. 

Figure 22 shows the performance comparison between 

two approaches, Neural Network (NN) [27] and the 

proposed approach for grid current analysis across R, Y, and 

B phases. The NN approach has the highest grid current 

percentage among all phases, while the proposed method has 

a THD of 3.03 %, 3.29 % 𝑎𝑛𝑑 3.14 %, indicating better 

efficacy. The proposed method is more effective in 

regulating grid current, thereby improving system 

performance. 

 
Fig. 22 Analysis of Grid current 

Table. 2 Analysis of Grid current THD for Voltage Sag/Swell 

conditions 

Grid current THD (%) 

Voltage Sag/Swell 

(%) 
NN control [27] Proposed 

Voltage 

Sag 

5 2.75 2.41 

10 2.9 2.76 

15 3.1 3.01 

20 3.4 3.32 

30 3.7 3.15 

Voltage 

Swell 

5 2.8 2.05 

10 2.97 2.34 

15 3.21 3.03 

20 3.39 3.17 

30 3.58 3.28 

 

The analysis of grid current under varying voltage sag 

and swell conditions for NN and the proposed method is 

seen in Table 2. A proposed method consistently attains 

lower THD, emphasizing its effectiveness in handling both 

voltage sag and swell scenarios. This demonstrates the 

enhanced robustness and efficiency of the proposed 

approach in managing harmonic distortions during voltage 

disturbances.  

4. Conclusion 
To solve power quality issues, this research implements 

a novel DSTATCOM-based DNN controller. The 

DSTATCOM enhances the power factor by compensating 

for reactive power, which improves the efficacy of the power 

system and it delivers a fast response to transient 

disturbances that enhances the overall robustness of the 

power system. Subsequently, the DNN controller lessens the 

power quality concerns like voltage fluctuations, harmonics, 
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and frequency deviations, leading to a more steady and 

efficient power supply. By exploiting an improved cascaded 

boost converter, the PV system’s voltage is increased with 

high efficiency and voltage gain. Furthermore, the HHO 

optimized Fuzzy-MPPT technique effectively tracks the PV 

system’s optimal power. To validate the efficiency of the 

implemented work, the introduced research is also applied 

in MATLAB/Simulink and compared to conventional 

topologies. Consequently, the outcomes indicate that the 

developed work attains better PQ with a lesser THD of 

0.71%, ensuring that continuous power without PQ 

problems is supplied to load applications. However, 

computational complexity due to the hybridization of 

approaches is regarded as a major limitation since it leads to 

increased processing time. This is a major concern that has 

to be considered in future work. 
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