
SSRG International Journal of Electrical and Electronics Engineering  Volume 11 Issue 12, 119-136, December 2024 

ISSN: 2348-8379/ https://doi.org/10.14445/23488379/IJEEE-V11I12P111    © 2024 Seventh Sense Research Group® 

          

 This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 

Original Article  

Optimizing Solar and Wind Energy Integration in Grid-

Connected EV Fast Charging Systems using Fuzzy Logic 

Control for Improved Stability and Power Quality 

J. Srinu Naick1, G. Chandra Sekhar2, N.C. Kotaiah3, Mallipeddi Anitha 4, B. Gopi Raja Naik 5   

1Department of Electrical and Electronics Engineering, Chadalawada Ramanamma Engineering College,  

Andhra Pradesh, India. 
2Department of Electrical and Electronics Engineering, GMR Institute of Technology, Andhra Pradesh, India. 

3,4Department of Electrical and Electronics Engineering, R.V.R&J.C College of Engineering, Andhra Pradesh, India. 
5Department of Electrical and Electronics Engineering, PNC&VIJAI Institute of Engineering and Technology,  

Andhra Pradesh, India. 

1Corresponding Author : speaksrinu@gmail.com  

Received: 07 October 2024 Revised: 08 November 2024 Accepted: 06 December 2024 Published: 31 December 2024

Abstract - This paper presents the complete approach to integrating solar and wind renewable energy sources into grid-

connected Electric Vehicle (EV) quick charging systems. The solar system utilizes a Perturb and Observe (P&O) Maximum 

Power Point Tracking (MPPT) boost converter to maximize energy extraction from the photovoltaic panels. In contrast, the wind 

energy system employs a similar MPPT technique to maximize wind power consumption. The proposed fuzzy logic controller 

system ensures consistent and efficient power conversion management during EV charging activities, improving system stability. 

Neutral-Point Clamped (NPC) voltage source converters are further utilised to optimise power conversion, improve voltage 

balance, and reduce switching losses. Reducing voltage fluctuations and resolving power quality issues helps the fuzzy logic 

controller significantly increase system stability. MATLAB simulations show that the combined use of MPPT for solar and wind, 

fuzzy logic control, and NPC converters results in effective energy distribution, enhanced load balancing, and reduced Total 

Harmonic Distortion (THD). Apart from fast-charging electric vehicles, the system is supposed to manage residential linear and 

nonlinear loads. The findings imply that whilst preserving power grid stability and improving general system performance for 

different load types, this integrated system successfully allows large-scale EV rapid charging utilising renewable energy.  

Keywords - Electrical vehicles, Fuzzy Logic Controller (FLC), Harmonics distortion, Power quality, Renewable energy, Neutral-

Point Clamped (NPC) converters, Magnetic linked converter. 

1. Introduction 
Rising energy demand is driving strain on the ageing 

power infrastructure worldwide, squeezing governments, 

businesses, and consumers as electricity prices climb. Burning 

fossil fuels and air pollution from two of the most widely 

utilized traditional energy sources create health problems. 

Among other renewable energy sources, solar and wind power 

might assist in lowering operating and maintenance costs, 

peak demand, and environmental effects, therefore addressing 

these concerns [1, 2]. Fuel and maintenance costs might be 

paid during the lifetime of investments in renewable energy 

infrastructure [3, 4]. Energy-efficient technologies and 

methods could cut the financial cost of generating electricity 

and energy usage. Electric vehicles (EVs) are better for the 

environment than petrol vehicles as they reduce pollutants and 

greenhouse gas emissions [5, 6]. There are several advantages 

to integrating RES into utilities, including increased power 

system flexibility, less power loss, and decreased 

environmental pollution [7]. However, an increasing number 

of technical problems have been raised by RES. One such 

problem that must be handled is islanding operation [8]. It is 

one of the major issues. When a section of the distribution 

network is cut off from the utility grid, but the local 

Distributed Generation (DG) units continue to supply the 

loads, this phenomenon is known as islanding [9]. This 

capacity ensures the reliability of EV charging as well as the 

continuous stability of the power supply for home loads 

comprising both linear and nonlinear devices [10]. By 

distributing sources and giving renewable options first 

importance, we can create a stronger and fairly priced energy 

system [11]. Integrating renewable energy sources and electric 

automobiles into a grid-connected system addresses economic 

and environmental issues, even as the grid-support qualities of 

the system increase dependability and stability, therefore 
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supporting a sustainable future [12]. Among renewable energy 

sources, sun and wind are ones whose efficiency can suffer 

should weather patterns reduce their power production. 

Maximum Power Point Tracking (MPPT) techniques are often 

used to increase the power extraction from many sources [13]. 

Whereas the boost converter raises the voltage from solar 

panels to meet load or grid demands in solar energy systems, 

the P&O algorithm routinely adjusts the operational voltage of 

solar panels to assure optimal power point performance [14]. 

This approach ensures that the system constantly finds the 

appropriate power point regardless of outside factors like solar 

intensity and temperature [15]. 

 By varying its operating position in response to wind 

speed changes, MPPT helps the turbine's wind energy-

producing systems function optimally [16]. One may do this 

using a power electronic converter or adjusting the blade pitch. 

In systems operating a Permanent Magnet Synchronous 

Generator (PMSG), the MPPT technique modulates the 

electrical demand of the generator, therefore controlling the 

rotor speed and ensuring the turbine works at the appropriate 

tip-speed ratio [17]. Wind energy systems use three primary 

MPPT techniques: Tip Speed Ratio (TSR), Power Signal 

Feedback (PSF), and Hill Climb Search (HCS) [18]. While 

TSR control maintains a steady link between turbine rotor 

speed and wind velocity, PSF control uses known power 

curves to adjust the operating point. The HCS method detects 

subsequent power variations and modulates control in 

accordance with tiny changes to the operational point [19]. 

Integrating renewable energy into grid-connected or 

independent systems using MPPT approaches can ensure 

optimal power generation despite unfavourable climatic 

conditions. Permanent Magnet Synchronous Generators 

(PMSGs) are widely used in wind power-producing systems 

to produce AC electricity.  

This is then converted into DC for integration with energy 

storage systems or grid-connected systems. Both PMSG wind 

turbines and grid-side converters make great use of Neutral-

Point-Clamped (NPC) Voltage Source Converters (VSCs) 

because of their performance benefits [20]. Two advantages 

of the three-level NPC converter over conventional two-level 

inverters are less switching stress and lower harmonic 

distortion in the output voltage [21]. This notably applies to 

high-power applications such as FACTS, motor drives, and 

active power filters. Still, the main challenge with this design 

is balancing the neutral-point voltage. Under ideal conditions, 

every capacitor should hold half of the DC bus voltage, 

ensuring flawless performance [22]. By current flowing 

beyond the neutral point, the real-world operation might cause 

voltage swings across the capacitors, therefore creating an 

imbalance capable of generating low-frequency harmonics in 

the output voltage. Therefore, capacitor voltage balancing 

control is a critical area of research and development for three-

level NPC inverters to ensure system stability and protect 

switching devices under various operating conditions [23]. 

These days, voltage source converters (VSC) based on 

bidirectional multipurpose EV charging and domestic loads 

approach are somewhat common [24]. Solar PV and wind-

based renewable energy sources are mostly connected to the 

DC bus, which enables these electric chargers. Consequently, 

studies on RES-powered electric vehicle charging have 

recently attracted much interest [25]. In many spheres, power 

electronics have been used to use renewable energy in the 

conventional power grid, home loads applications, and EV 

charging applications. While an electric vehicle may be 

charged using conventional power electronics such as buck 

converters and boost converters, their efficiency cannot be 

guaranteed. Inadequate energy management skills are another 

main problem with buck/boost converters [26]. 

 Researchers have investigated alternative solutions such 

as conventional buck/boost converters, especially for onboard 

charging stations, which suffer from poor energy 

consumption, for example, which is crucial for energy 

production from an electric vehicle's perspective [27]. 

Furthermore, traditional converters have some constraints, 

including the usual rectifier bridge encountering high voltage 

stress and high circulation current in the freewheeling period 

[27]. The drawbacks of current converters, such as lack of 

galvanic isolation and input/output current/voltage range 

constraints, remain unresolved. To address these issues, a new 

type of converter, magnetic-linked power converters (MLPC), 

has gained popularity in the power sector due to their various 

applications. Introduced in the 1980s, the magnetic-linked 

power converter has a dual active bridge [26]. Then, it became 

quite popular in the 1990s [26]. Comparing the magnetically 

linked converter with other DC-to-DC converters, it features 

such as the ability of high-power handling with less power loss 

in power conversion, galvanic isolation (GI) between the input 

and output circuitries, cost-efficiency of the components due 

to the rather simpler design, and high efficiency concerning 

power transmission.  

The magnetic-linked converter, first introduced in 1991, 

has evolved to suit various applications, including electric 

vehicle charging and renewable energy integration. Its diverse 

topologies have been developed for various applications, 

including solar and wind power generation. However, these 

fluctuations can cause instability in the electrical system, 

affecting the ability to provide a constant and reliable supply. 

The first magnetic-linked converter was designed for dual 

active bridge arrangements and has since evolved to 

accommodate various applications. The proposed system 

describes non-linear control schemes based on sliding mode 

control [28], artificial intelligent control [29, 30], robust 

control [31], adaptive control [32], backstepping control [33], 

and many more to solve these challenges. All of the following 

improve system performance at various implementation 

complexities. Artificial intelligence technologies, such as 

Fuzzy Logic Control (FLC), perform better dynamically for 

nonlinear systems with less dependence on system 
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characteristics. Despite being computationally demanding and 

requiring more memory than PI control, CPU technological 

advances have made this a less significant restriction. The 

proposed system handles these challenges using Fuzzy Logic 

Controllers (FLCs) [34]. More effectively than conventional 

controllers like PI, FLCs can regulate uncertainty in power 

generation and nonlinearities in output.  

They dynamically change control settings to provide 

stability even in quick variations in power demand depending 

on grid, renewable, load data, and grid input [35]. Fuzzy logic 

controllers reduce Total Harmonic Distortion (THD), 

therefore improving power quality and perhaps creating 

inefficiencies in power supply, overheating of electrical 

components, and shorter lifespan of grid-connected 

equipment. Reducing THD assures a more constant power 

supply to household loads and electric vehicles, therefore 

improving efficiency and protecting sensitive equipment from 

voltage spikes and waveform distortions. Fuzzy logic 

controllers increase grid stability by changing power flow 

between renewable sources, the grid, and loads to lower 

volatility and imbalances [36]. This combination of grid 

stability and power quality improvement provides reliability 

in handling modern energy consumption and strengthens and 

improves efficiency.  

2. Proposed System Configuration 
Rapid charging of grid-connected Electric Vehicles (EV) 

combines solar and wind energy sources in order to ensure 

efficient energy management and power quality improvement, 

as shown in Figure 1. Comprising a Photovoltaic (PV) array 

paired to a Perturb and Observe (P&O) Maximum Power 

Point Tracking (MPPT), the solar energy system maximises 

energy extraction. Similarly, the wind energy system makes 

the best use of wind power by means of an MPPT controller.  

Both sources are coupled to a shared DC bus supplying 

into the grid using Neutral-Point Clamped (NPC) converters, 

which improve power conversion efficiency, reduce switching 

losses, and preserve voltage balance. Fuzzy logic controllers 

control power flow, improve stability, and maintain voltage 

levels throughout home load operation and EV charging all 

across the system. The controllers handle power quality 

issues, including voltage fluctuations and reduce Total 

Harmonic Distortion (THD) by assisting in governing energy 

distribution among the solar, wind, and grid sources. By 

supporting both linear and nonlinear residential loads, the 

system ensures stability and efficient load balancing, thereby 

allowing fast EV charging. 

3. Modeling and Designing of Proposed System 

Configuration 
3.1. Wind Turbine Design 

The wind turbine is the foundational component of a wind 

energy system; it converts the wind's kinetic energy into 

mechanical power. The rotor's size, the wind's velocity, the 

shape of the blades, and other factors all influence how 

efficient this energy collection is. 

3.1.1. Power Output of a Wind Turbine 

The formula for the mechanical power (P) generated by a 

wind turbine is: 

𝑃 =
1

2
⋅ 𝜌 ⋅ 𝐴 ⋅ 𝑉3 ⋅ 𝐶𝑝                                       (1) 

Where: P = Mechanical power captured by the turbine (in 

watts), ρ = Air density (1.225 kg/m3), A = Swept area of the 

rotor (in square meters), A=πR2, where R is the radius of the 

rotor, V = Wind speed (in m/s),  CP = Power coefficient 

(efficiency of the turbine), typically ranging from 0.35 to 0.45.  

The maximum possible value is 0.59 (Betz limit). Wind 

turbines harness the power of the wind's kinetic energy and 

turn it into mechanical force. Since wind turbines produce a 

disproportionately large amount of electricity in response to 

increases in wind speed, the wind's kinetic energy grows 

exponentially with increases in wind speed. Unfortunately, not 

all of the wind's kinetic energy can be harnessed; the 

efficiency of energy conversion is determined by the power 

coefficient 𝐶𝑝 Capturing more than 59% of the kinetic energy 

of the wind is impossible according to the Betz limit. Because 

it controls the amount of wind energy that reaches the turbine, 

the rotor's swept area is crucial. A greater amount of electricity 

may be collected by expanding the swept area. 

3.1.2. Rotor Diameter and Swept Area 

The area that the spinning blades cover, or the swept area 

A, is what decides the amount of wind energy that can be 

captured: 

𝐴 = 𝜋𝑅2                                    (2) 

Where: R = Rotor radius (in meters). 

The turbine can pick up more wind energy if the rotor is 

bigger. Large wind turbines with larger blades may produce 

more electricity even at reduced wind speeds. Altering the 

blade length significantly impacts power generation because 

the swept area grows in direct proportion to the square of the 

rotor radius. 

3.1.3. Tip Speed Ratio (TSR) 

The tip speed ratio (λ) is the blade tip speed to wind speed 

ratio: 

𝜆 =
𝜔⋅𝑅

𝑉
                                    (3) 

Where: ω = Angular velocity of the rotor (in radians per 

second), R = Rotor radius (in meters), V = Wind speed (in 

meters per second). In order to maximise the efficiency of the 

turbine, the tip speed ratio is crucial. There is a sweet spot for 

the ratio of blade speed to wind speed that is unique to each 

wind turbine design. A lack of energy capture occurs when the 

blades move at a snail's pace. They lose efficiency and cause 

drag if they move too fast. 
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Fig. 1 Proposed system configuration

 
Fig. 2 Turbine power Pt function for varying wind speed ωr by 

rotational speed 

3.1.4. Mechanical Torque on the Rotor 

The mechanical torque (T) on the wind turbine rotor is the 

force that causes the rotor to spin and can be calculated using: 

𝑇 =
𝑃

𝜔
                                       (4) 

Where: T = Torque (in Nm), P = Mechanical power (in 

watts), ω = Angular velocity (in radians per second). Torque 

is the twisting force that drives the rotor’s motion. As the rotor 

extracts energy from the wind, this mechanical energy is 

transmitted to the generator, which is converted into electrical 

power. Torque is inversely proportional to the angular 

velocity: the turbine generates less torque at high speeds, and 

vice versa.  

3.2. Two-Mass Drive Train model 

The two-mass drive train model is widely used in wind 

energy conversion systems (WECS) for transient stability 

analysis because it offers a more accurate representation of the 

mechanical dynamics than the simpler one-mass model. The 

two-mass model divides the system into two key parts: the 

turbine and the generator, which are connected via a flexible 

shaft. 

3.2.1. Turbine Dynamics 

An appropriate differential equation to describe the wind 

turbines' mechanical dynamics is: 

𝐽𝑡 ⋅
ⅆ𝜔𝑡

ⅆ𝑡
= 𝑇𝑡 − 𝐾𝑠 ⋅ (𝜃𝑡 − 𝜃𝑔) − 𝐷𝑠 ⋅ (𝜔𝑡 − 𝜔𝑔)      (5) 

Where: Jt = Moment of inertia of the turbine (kg·m²),  ωt 

= Angular speed of the turbine (rad/s),  Tt = Mechanical 

torque from the turbine (Nm),  Ks = Shaft stiffness (Nm/rad), 

 Ds = Shaft damping coefficient (Nms/rad),  θt = Angular 

position of the turbine (rad),  θg = Angular position of the 

generator (rad),  ωg = Angular speed of the generator (rad/s). 

This equation represents the mechanical dynamics of the rotor 

of a wind turbine. The angular acceleration and turbine inertia 

are affected by the following factors: shaft stiffness and 

damping, turbine torque (Tt), and the difference in angular 

position and speed between the generator and the turbine. 

3.2.2. Generator Dynamics 

The mechanical dynamics of the generator are similarly 

represented by: 

𝐽𝑔 ⋅
ⅆ𝜔𝑔

ⅆ𝑡
= 𝐾𝑠 ⋅ (𝜃𝑡 − 𝜃𝑔) − 𝐷𝑠 ⋅ (𝜔𝑡 − 𝜔𝑔) − 𝑇𝑔     (6) 
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Where:  Jg = Moment of inertia of the generator (kg·m²), 

𝜔𝑔= Angular speed of the generator (rad/s), 𝑇𝑔 = 

Electromagnetic torque produced by the generator (Nm). This 

equation governs the generator's mechanical dynamics, 

considering the torque transmitted from the flexible shaft 

  Ks(θt-θg) and the shaft's damping effect  Ds(ωt-ωg). The 

electromagnetic torque  Tg opposes the mechanical torque, 

representing the electrical load. 

3.2.3. Shaft Dynamics 

The following relationships explain the shaft dynamics 

between the generator and the turbine: 

ⅆ𝜃𝑠

ⅆ𝑡
= 𝜔𝑡 − 𝜔𝑔                                                 (7) 

ⅆ𝜃𝑔

ⅆ𝑡
= 𝜔𝑔                                                     (8) 

Where: 𝜃𝑠 = Shaft twist angle (rad) 

The relative difference influences the shaft twist angle in 

angular velocity between the turbine and the generator. This 

twist, along with the shaft stiffness and damping, determines 

how torque is transferred between the turbine and generator. 

3.3. Permanent Magnet Synchronous Generators Used in 

Wind Energy Conversion Systems 

A permanent magnet synchronous generator (PMSG) has 

several uses and is used in wind energy conversion systems 

(WECS). 

 High power density: PMSGs provide more power per unit 

volume compared to other generators. 

 High efficiency: With no rotor copper losses (since no 

external excitation is required), PMSGs have a higher 

efficiency. 

 Absence of a gearbox: PMSGs can operate directly with 

the turbine without needing a gearbox, reducing 

mechanical complexity and maintenance needs. 

The PMSG's transient behavior in WECS may be studied 

by using the Park transformation, which simplifies the study 

by reducing the three-phase system to a two-dimensional (d 

and q-axis) model that spins at the rotor speed. The d-q 

reference frame is another name for this transition. By using 

the d- and q-axis components, the dynamic equations of the 

PMSG may be defined in the dq reference frame. 

3.3.1. Electromagnetic Torque Equation 

An essential component of the PMSG, the 

electromagnetic torque  Te is produced when the stator 

currents and rotor magnetic field interact. The electromagnetic 

torque in the d-q reference frame is given by: 

𝑇𝑒 =
3

2
𝑃 ⋅ (𝜆𝑓 ⋅ 𝑖𝑞 + (𝐿ⅆ − 𝐿𝑞) ⋅ 𝑖

.

ⅆ ⋅ 𝑖𝑞)               (9) 

Where:  Te = electromagnetic torque (Nm), P = number 

of pole pairs, 𝜆𝑓 = flux linkage due to permanent magnets 

(𝑤𝑏), 𝑖ⅆ , 𝑖𝑞= d-axis and q-axis currents (A), Ld, Lq = d-axis 

and q-axis inductances (H). 

3.3.2. Mechanical Dynamics: Torque and Speed Relationship 

The mechanical dynamics of the PMSG are described by 

the equation of motion, which relates the mechanical torque 

from the wind turbine to the electromagnetic torque produced 

by the generator:  

 𝐽 ⋅
ⅆ𝜔𝑚

ⅆ𝑡
= 𝑇𝑚 − 𝑇𝑒 − 𝐵 ⋅ 𝜔𝑚                           (10) 

Where: J = moment of inertia of the rotor (kg·m²),  ωm = 

mechanical angular velocity of the rotor (rad/s),  Tm = 

mechanical torque from the wind turbine (Nm),  Te = 

electromagnetic torque generated by the PMSG (Nm), B = 

friction coefficient (Nms/rad)  

3.3.3. Power Equations 

The generator's output power is given by the product of 

the voltage on the q-axis and the current in the d-q reference 

frame:    

 𝑃𝑒𝑙𝑒𝑐 =
3

2
(𝑣𝑑 ⋅ 𝑖𝑑 + 𝑣𝑞 ⋅ 𝑖𝑞)                            (11) 

A relationship exists between the mechanical power that 

the wind turbine transfers to the PMSG and the rotor speed 

and torque:  
𝑃𝑚 = 𝑇𝑚 ⋅ 𝜔𝑚                                        (12) 

The mechanical power input and electrical power output 

may be used to evaluate the efficiency of the PMSG.  

4. Design and Configuration of Solar PV System 
4.1. Single-Diode Solar PV Model 

To design a solar PV model with a single diode, one must 

first study the electrical properties of the PV cell. For the 

purpose of simulating PV cell behavior, the single-diode 

model is among the most popular choices. According to Figure 

3, this model incorporates a current source, a single diode, and 

series and shunt resistances to symbolise losses. 

 
Fig. 3 Equivalent model of PV solar 
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4.2. Basic Equation of the Single-Diode Model 

The equation that governs the behavior of the single-

diode PV model is derived from Kirchhoff’s current law 

(KCL): 

𝐼 = 𝐼𝑃ℎ − 𝐼𝐷 − 𝐼𝑠ℎ                             (13) 

Where: I = output current of the PV module (A), 𝐼𝑃ℎ= 

photocurrent, the current generated by light (A), 𝐼𝐷 = diode 

current (A), 𝐼𝑠ℎ= shunt current (A)  

4.2.1. Diode Current (𝐼𝐷) 

The current through the diode is described by the 

Shockley diode equation: 

𝐼𝐷 = 𝐼0 (𝑒
𝑉+𝐼𝑅𝑠

𝑛𝑉𝑡 − 1)                             (14) 

Where: 𝐼0 = reverse saturation current of the diode (A), V 

= voltage across the PV cell (V), 𝑅𝑠 = series resistance (Ω), n 

= diode ideality factor (typically between 1 and 2), 𝑉𝑡 = 

thermal voltage (V), given by 𝑉𝑡=qkT Here: k = Boltzmann 

constant (1.38 × 10⁻²³ J/K), T = temperature in Kelvin (K), q 

= electron charge (1.6 × 10⁻¹⁹ C) 

4.2.2. Shunt Current (𝐼𝑠ℎ) 

The current through the shunt resistance Rsh is modeled 

as: 

𝐼𝑠ℎ =
𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
                                        (15) 

4.3 Equation of the Single-Diode PV Model 

By substituting the expressions for 𝐼𝐷 and 𝐼𝑠ℎinto the 

main current equation, we get the complete form of the single-

diode model: 

𝐼 = 𝐼𝑃ℎ − 𝐼0 (𝑒
𝑉+𝐼𝑅𝑠

𝑛𝑉𝑡 − 1) −
𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
                       (16) 

4.3.1. Photocurrent (𝐼𝑃ℎ) 

The temperature has an effect on the amount of light that 

reaches the cell, which in turn affects the amount of current 

that the cell generates as a result of light. This might be 

represented as: 

𝐼𝑝ℎ = [𝐼𝑝ℎ,𝑟𝑒𝑓 + 𝜇𝐼𝑃ℎ ⋅ (𝑇 − 𝑇𝑟𝑒𝑓)] ⋅
𝐺

𝐺𝑟𝑒𝑓
              (17) 

Where: 𝐼𝑝ℎ,𝑟𝑒𝑓  = reference photocurrent at standard test 

conditions (STC), 𝐼𝑃ℎ = temperature coefficient of 

photocurrent (A/°C), T = cell temperature (°C), 
 

Tref = 

reference temperature (usually 25°C), G = irradiance (W/m²), 

𝐺𝑟𝑒𝑓  = reference irradiance at STC (1000 W/m²) 

4.3.2. Saturation Current (I0) 

The reverse saturation current varies exponentially with 

temperature:  

𝐼0 = 𝐼0,𝑟𝑒𝑓 (
𝑇

𝑇𝑟𝑒𝑓

)
3

𝑒
𝐸𝑔

𝑛𝑉𝑡
(

1

𝑇𝑟𝑒𝑓
−

1

𝑇
)
                                 (18) 

Where: 𝐼0,𝑟𝑒𝑓  = reverse saturation current at reference 

temperature, 𝐸𝑔 = bandgap energy of the semiconductor 

(typically 1.1 eV for silicon) 

4.4. Open Circuit Voltage and Short Circuit Current 

4.4.1. Short Circuit Current (𝐼𝑠𝑐) 

When the terminals of the PV cell are shorted, the current 

is maximum and equal to the photocurrent: 

𝐼𝑠𝑐 ≈ 𝐼𝑃ℎ                                              (19) 

This approximation holds because the diode and shunt 

current contributions are small under short-circuit conditions. 

4.4.2. Open Circuit Voltage (𝑉𝑂𝐶) 

When the terminals are open, no current flows through 

the PV cell. Setting I=0 in the diode equation gives: 

𝑉𝑜𝑐 = 𝑛𝑉𝑡ln (
𝐼𝑝ℎ

𝐼0
+ 1)                                     (20) 

This equation shows that the open-circuit voltage depends 

logarithmically on the photocurrent and the reverse saturation 

current. 

In solar energy systems, a solar PV boost converter is 

often used to maximise power extraction from a photovoltaic 

(PV) array and increase the voltage to the required level. This 

converter is equipped with the Perturb and Observe (P&O) 

MPPT algorithm, as seen in Figure 4.  

With these two components working together, the PV 

array may send its energy directly to the load or EV batteries. 

4.5. Boost Converter for Solar PV 

A boost converter is a kind of DC-DC converter that may 

raise the output voltage from the PV array's input voltage.  

An essential component of photovoltaic (PV) systems, the 

boost converter increases the voltage supplied to the load and 

enables the PV array to achieve its maximum power point 

(MPPT).  

 
Fig. 4 solar PV boost converter 

 

Ipv

Vpv
Cpv

L

SpvSolar

PV system

D

Vdc



J. Srinu Naick et al. / IJEEE, 11(12), 119-136, 2024 

 

125 

 
Fig. 5 Flow chart of P&O MPPT algorithm 

A boost converter's "on" state is essentially a closed 

switch, and its "off" state is a rise in the output voltage caused 

by energy being released from an inductor. The following 

formula controls the relationship between 𝑉𝑖𝑛 (the input 

voltage) and 𝑉𝑜𝑢𝑡 (the output voltage) for any certain boost 

converter: 

𝑉𝑜𝑢𝑡 =
𝑉𝑖𝑛

1−𝐷
                                       (21) 

Where: The output voltage, 𝑉𝑜𝑢𝑡, is equal to the input 

voltage 𝑉𝑖𝑛, which comes from the PV array. The duty cycle, 

denoted as D, is the percentage of the switching period when 

the switch is closed.  The MPPT algorithm controls the duty 

cycle D to ensure the PV array works at its maximum power 

point tracking (MPPT), which in turn determines the voltage 

step-up. The P&O MPPT method uses a solar PV boost 

converter to optimise power extraction by continuously 

adjusting the operating voltage of the PV array. This 

technology enhances the variable DC voltage from the PV 

array to a higher, usable level based on the load or EV battery 

requirements. The P&O approach controls the boost 

converter's duty cycle by varying the operating voltage and 

monitoring the resulting change in power output, as shown in 

Figure 5. The input voltage is initially perturbed, either 

increased or decreased, by the converter's duty cycle.  

Should the resultant power rise, the perturbation proceeds 

in the same direction; should the power drop, the algorithm 

flips the perturbation's direction. The P&O algorithm 

guarantees that the PV array runs close to the Maximum 

Power Point (MPP), which is necessary for optimising energy 

collection under different environmental circumstances, 

including irradiation and temperature, by always changing the 

voltage. The boost converter subsequently delivers optimum 

efficiency in energy transmission by converting the optimal 

voltage from the PV array to a higher output voltage that 

satisfies the system's needs. This real-time tracking and 

conversion mechanism improves solar energy systems' 

efficiency and performance. 

Start 
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Fig. 6 A schematic of the active rectifier-based voltage source conversion system for wind energy NPCs based on PMSG 

5. Controller Designing of Proposed System  
5.1. Machine Side Control  

The machine-side control relies heavily on wind speed 

reference generation to get the most power out of the wind 

turbine. In Figure 6, we can see the control diagram of an 

active rectifier-connected PMSG.  

The ideal ratio of tip speed to actual wind speed 

determines the reference rotor speed. The control algorithm 

uses the reference torque derived from the reference speed to 

manage the wind turbine power output. This method 

guarantees effective energy harvesting from different types of 

wind. The reference voltage 𝑉𝑞
∗ represented for machine side 

controller 

𝜔𝑚 =
𝜆𝑜𝑝𝑡𝜔𝑟

𝑅
                                            (22) 

Where 𝜔𝑚 is represents reference rotor speed 

The q-axis current reference 𝐼𝑞_𝑟𝑒𝑓 is:  

𝑖𝑞_𝑟𝑒𝑓 =
2⋅𝜔𝑚

3⋅𝑃⋅𝜆𝑓
                                             (23) 

Where 𝜔𝑚= reference rotor speed, P = number of pole pairs,  
λf = flux linkage due to permanent magnets (𝑤𝑏) 

𝑖𝑞−𝑒𝑟𝑟 = 𝑖
.

𝑞_𝑟𝑒𝑓 − 𝑖𝑞                                        (24) 

The reference voltage is generated by an inner loop 

current controller, which controls the machine-side converter. 

The d-q axis is referenced by the following: 

𝑉𝑞
∗ = 𝑖

.

𝑞−𝑓𝑙𝐶 + 𝑖ⅆ ⋅ 𝜔𝑔 × 𝐿𝑞 ⋅ 𝑃 + 𝜔𝑔 × 𝑃 ⋅ 𝜆𝑓        (25) 

Where 𝐼𝑞_𝑓𝑙𝐶  = 𝑖𝑞  current controlled by fuzzy logic 

controller, 
 
iq, id = generator stator current, 𝜔𝑔= generator 

speed, P = number of pole pairs, 
 
λf = flux linkage due to 

permanent magnets (𝑤𝑏)The reference voltage 𝑉ⅆ
∗ represented 

the machine-side controller 

𝑖ⅆ_𝑒𝑟𝑟 = 𝑖
.

ⅆ_𝑟𝑒𝑓 − 𝑖ⅆ                                   (26) 

𝑉ⅆ
∗ = 𝑖

.

ⅆ_𝑓𝑙𝐶 + 𝑖ⅆ ⋅ 𝜔𝑔 × 𝐿𝑞 ⋅ 𝑃                           (27) 

Where 𝑉ⅆ
∗, 𝑉𝑞

∗ represent reference machine voltage in the 

d-q axis; 
 
iq, id represent reference stator current in the d-q 

axis; System control efficiency is of the utmost importance in 

wind power generation, especially for PMSGs. The procedure 

starts by applying the Park transformation on three-phase AC 

currents and voltages to convert them into the d-q reference 

frame. This optimises performance by adjusting the torque and 

flux components, simplifying machine operation. The inverse 

Park transformation changes these voltage references back 

into three-phase AC voltage references after the necessary 

voltage has been calculated. The three-phase active rectifier 

on the machine side is controlled by switching signals 

generated by a Pulse Width Modulation (PWM) generator, 

which is supplied with these voltage references. In order to 

manage the power flow from the wind turbine, this accurately 

regulates the rectifier's switching. This allows for excellent 

machine control and maximum power extraction efficiency, 

regardless of the wind conditions. 

5.2. Grid Side Control 

A Voltage Source Converter (VSC) installed on the grid 

may link DC energy sources like solar panels and wind 

turbines to a charging station for electric vehicles. The VSC 

converts DC power into AC, feeding the grid and supplying 

the EV charging system. The hysteresis current control 

technique regulates the VSC by maintaining the grid current 

within a predefined hysteresis band, ensuring fast dynamic 

response and accurate current tracking, as shown in Figure 7. 

This method improves power quality and reduces Total 

Harmonic Distortion (THD), enabling efficient integration of 

renewable energy with EV charging, ensuring stability and 

performance under varying generation and load conditions. 

Id_ref

Id
S1

Fuzzy

Fuzzy

w g

Iq
Ld*p

MPPT
w r 2

3*p*l f

Iq

Iq_ref

Lq*p
w g

Id

p*l f
w g

Vd

Vq

V0

w t

dq0

abc

PWM

Gen 

converter

S2

S12

Id_err Id_flc

Iq_err Iq_flcw m



J. Srinu Naick et al. / IJEEE, 11(12), 119-136, 2024 

 

127 

 
Fig. 7 Control diagram of bidirectional AC-DC NPC voltage source converter  

5.2.1. DC Loss Component Estimation 

An Electric Vehicle (EV) charging system that 

incorporates solar and wind energy is designed using a DC 

link voltage controller using a Fuzzy Logic Controller (FLC). 

The FLC regulates the DC link voltage, ensuring stable power 

delivery despite variations in renewable energy generation. 

The controller adjusts the Voltage Source Converter (VSC) at 

the grid side by adjusting the error between the reference and 

actual DC link voltage. The fuzzy logic controller processes 

this error using fuzzy rules and membership functions to 

generate appropriate control signals for the VSC, maintaining 

the desired DC link voltage and ensuring reliable charging for 

EVs. 

𝑉ⅆ𝑐𝑒 = 𝑉ⅆ𝑐
∗ − 𝑉ⅆ𝐶                                      (28) 

5.2.2. Estimation of Feed-Forward Components of RERs 

The DC link voltage control system's dynamic response 

is enhanced using feed-forward terms linked to Renewable 

Energy Resources (RERs), such as solar and wind. These 

terms are calculated based on real-time power output, 

allowing the controller to anticipate changes in power flow to 

the DC link. These terms are derived from monitoring 

variations in solar irradiance and wind speed, which directly 

impact the power generated by solar panels and wind turbines. 

 By incorporating these terms into the control strategy, the 

system can preemptively adjust the Voltage Source Converter 

(VSC) operation, ensuring stable DC link voltage despite 

fluctuations in renewable energy generation. This reduces 

reliance on feedback control and improves dynamic 

performance. 

𝑤𝑃𝑉𝑓𝑓 =
2𝑃𝑃𝑉

3𝑉𝑡
                                            (29) 

𝑤𝑤𝑓𝑓 =
2𝑃𝑤𝑖𝑛𝑑

3𝑉𝑡
                                            (30) 

Where, 𝑃𝑃𝑉, 𝑤𝑃𝑉𝑓𝑓 , 𝑃𝑤𝑖𝑛ⅆ, 𝑤𝑤𝑓𝑓  are the wind power and 

its feed-forward term, photovoltaic power, and solar power, in 

that order. The d-component (𝐼𝐿ⅆ) and q-component (𝐼𝐿𝑞) of 

the load current are both filtered to extract their respective DC 

components (𝑤ⅆ𝑙𝑜𝑎ⅆ and 𝑤𝑞𝑙𝑜𝑎ⅆ) using a Moving Average 

Filter (MAF) to avoid any degradation in dynamic 

performance. The moving average filter is particularly 

effective in isolating the fundamental DC component while 

eliminating high-frequency noise. For both components, the 

MAF ensures a smooth extraction of the DC component, 

preserving the integrity of the current signals in the abc frame 

of reference. The transfer function of the moving average 

filter, which is applied to both the d-component and q-

component, is characterized by its ability to average the signal 

over a specified window, reducing the impact of transient 

variations and harmonics. This method enables efficient and 

accurate extraction of the fundamental components from the 

load currents, ensuring the system's dynamic performance 

remains stable. 

𝑀𝐴𝐹 =
1−𝑒−𝑇𝑤𝑆

𝑇𝑤𝑠
                                              (31) 

For the moving average filter,  Tw stands for the window 

length. Since the dq-axis current contains a double harmonic 

component as its lowest harmonic,  Tw it is maintained at half 

the fundamental time period. The MAF's gain is one times the 
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window length in integers, and its DC gain is zero. The net 

active reference current can now be represented as 

𝑤𝑡𝑜𝑡𝑎𝑙 = 𝑤𝑙𝑜𝑠𝑠 + 𝑤ⅆ𝑙𝑜𝑎ⅆ − 𝑤𝑤𝑓𝑓 − 𝑤𝑝𝑣𝑓𝑓            (32) 

The phase voltages (𝑉𝑎𝑏𝑐) are computed from the line 

voltages as 

[

𝑣𝑠𝑎

𝑣𝑠𝑏

𝑣𝑠𝑐

] =
1

3
[

2 1 0
−1 1 0
−1 −2 0

] [
𝑣𝐿𝑎𝑏

𝑣𝐿𝑏𝑐

0
]                           (33) 

𝑉𝑡 = √2(𝑉𝑠𝑎
2 +𝑉𝑆𝑏

2 +𝑉𝑠𝑐
2 )

3
                           (34) 

𝑢𝑝𝑎 = 𝑣𝑠𝑎 ∕ 𝑉𝑡; 𝑢𝑝𝑏 = 𝑣𝑠𝑏 ∕ 𝑉𝑡; 𝑢𝑝𝑐 = 𝑣𝑠𝑐 ∕ 𝑉𝑡    (35) 

𝑢𝑞𝑎 = −
𝑢𝑝𝑏

√3
+

𝑢𝑝𝑐

√3
; 𝑢𝑞𝑏 =

√3𝑢𝑝𝑎

2
+

(𝑢𝑝𝑏−𝑢𝑝𝑐)

2√3
; 𝑢𝑞𝑐 =

−
√3𝑢𝑝𝑎

2
+

(𝑢𝑝𝑏−𝑢𝑝𝑐)

2√3
                                         (36) 

Line terminal voltage error represented as 

𝑉𝑡𝑐 = 𝑉𝑡
∗ − 𝑉𝑡                                          (37) 

5.2.3. Generation of Gate Pulses for VSC 

By multiplying its unit templates, the reference currents 

for source DG, which give power to the load at night, are 

finally produced. 

𝑖𝑠𝑎
∗ = 𝑤𝑡𝑜𝑡𝑎𝑙 × 𝑢𝑝𝑎 + 𝑤𝑡𝑜𝑡𝑎𝑙 × 𝑢𝑞𝑎                    (38) 

𝑖𝑠𝑏
∗ = 𝑤𝑡𝑜𝑡𝑎𝑙 × 𝑢𝑝𝑏 + 𝑤𝑡𝑜𝑡𝑎𝑙 × 𝑢𝑞𝑏                    (39) 

𝑖𝑠𝑐
∗ = 𝑤𝑡𝑜𝑡𝑎𝑙 × 𝑢𝑝𝑐 + 𝑤𝑡𝑜𝑡𝑎𝑙 × 𝑢𝑞𝑐                     (40) 

The top leg of the grid-side VSC comprises switches 

activated by gate pulses produced by a three-phase hysteresis 

relay. This relay receives the error between the reference 

currents and the observed currents from the grid voltage 

source converter. Using the complementary signal, the VSC 

of the bottom leg of the grid side is sent. 

6. Bidirectional Dual Active Bridge (DAB) 

Converter Design for Electric Vehicle Fast 

Charging 
A power electronics solution that allows bidirectional 

energy flow between the grid and Electric Vehicles (EVs) is a 

Wireless Bidirectional Dual Active Bridge (DAB) converter 

for rapid charging of electric vehicles. Figure 8 shows two 

active full bridges (one on the main side and one on the 

secondary side) coupled by a high-frequency transformer, 

therefore permitting bidirectional power flow for both 

charging and Vehicle-to-Gast (V2G) operation. 

6.1. Basic Operation and Design of DAB 

The DAB converter works by converting DC power from 

the grid or a renewable source to AC, transmitting it through 

the transformer, and then converting it back to DC on the EV 

side. The primary and secondary sides of the converter are 

each controlled by a full-bridge of transistors operating at high 

switching frequencies. The voltage on each side is phase-

shifted relative to the other, and this phase shift (ϕ) determines 

the direction and amount of power transferred. Power can flow 

in either direction: Grid to EV for charging or EV to Grid for 

energy feeding during V2G operations.

 
Fig. 8 Dual active bridge converter for fast electric vehicle charging station 

 
Fig. 9 Controller design for dual active bridge converter for fast electric vehicle charging station 
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6.2. Power Transfer in DAB 

The power transferred in the DAB converter can be 

expressed as: 

𝑃 =
𝑛⋅𝑉𝑃𝑟𝑖⋅𝑉𝑠𝑒𝑐⋅𝜙

𝜔𝐿
                                 (41) 

Where: P is the transferred power, n is the transformer 

turns ratio, 𝑉𝑃𝑟𝑖 is the primary side voltage, 𝑉𝑠𝑒𝑐  is the 

secondary side voltage, ϕ is the phase shift between the 

primary and secondary voltages, ω is the switching angular 

frequency, L is the leakage inductance of the transformer. This 

equation shows how the phase shift between the primary and 

secondary side voltages governs the power transfer through 

the DAB converter. The inductance L is a critical factor in 

determining the power capacity and energy transfer rate. 

6.3. High-Frequency Transformer 

A high-frequency transformer provides isolation between 

the two sides of the converter, allowing high-efficiency power 

transfer with galvanic isolation. In wireless power transfer 

systems, the transformer is replaced by inductive coupling. 

The key characteristics of the transformer include: 

 Turns Ratio (n): The ratio between the primary and 

secondary windings determines the voltage conversion. 

 Leakage Inductance (L): This determines the energy 

storage in the magnetic field and influences power 

transfer and losses. 

6.4. Soft Switching for High Efficiency  

To minimize switching losses in the DAB converter, Zero 

Voltage Switching (ZVS) is employed, ensuring the 

transistors switch at zero voltage. This reduces power 

dissipation and increases efficiency, especially at high power 

levels. 

The conditions for achieving ZVS are: 

𝐼𝑙𝑜𝑎ⅆ > 𝐼𝑚𝑎𝑔                                      (42) 

Where: 𝐼𝑙𝑜𝑎ⅆ  is the load current, 𝐼𝑚𝑎𝑔 is the magnetizing 

current of the transformer. ZVS is critical in high-frequency 

converters to ensure soft switching, where switching 

transistors turn on/off with minimal losses. 

6.5. Bidirectional Power Flow 

The DAB converter's bidirectional design lets electricity 

go from the grid to the EV for charging and from the EV back 

to the grid for V2G uses. The phase shift ϕ controls the 

direction of power flow; one may change this direction of 

energy transfer by adjusting ϕ. 

 Forward Power Transfer (Grid to EV): Power flows from 

the grid to the EV, with a positive phase shift. 

 Reverse Power Transfer (EV to Grid): Power flows back 

to the grid when the phase shift is negative. 

6.6. Control and Modulation  

The control of the DAB converter is achieved through 

Phase-Shift Modulation (PSM), where the difference in phase 

between the two full bridges governs the power flow.  

Advanced control algorithms adjust the phase shift for EV 

fast charging applications to maximize efficiency, regulate 

power flow, and manage the charging process. The transferred 

power can also be controlled using the duty cycle (D) of the 

switching transistors. The formula for output power 

considering duty cycle control is: 

𝑃𝑜𝑢𝑡 =
𝑉𝑖𝑛

2 ⋅𝐷⋅(1−𝐷)

2⋅𝑓𝑠⋅𝐿
                                            (43) 

Where Vin is the input voltage, D is the duty cycle 𝑓𝑠 

switching frequency, and L is the inductance. 

6.7. Wireless Power Transfer 

In a wireless power transfer version of the DAB 

converter, the energy is transferred through inductive coupling 

between the primary and secondary coils instead of a physical 

transformer. The mutual inductance between the coils, M, is 

given by: 

𝑀 = 𝑘√𝐿1𝐿2                                        (44) 

Where: k is the coupling coefficient;  L1 and 𝐿2 are the 

self-inductances of the primary and secondary coils, 

respectively. The induced voltage in the secondary coil, due to 

mutual inductance, is: 

𝑉𝑠𝑒𝑐 = 𝑗𝜔𝑀𝐼𝑃𝑟𝑖                                  (45) 

A wireless power transfer system's secondary coil voltage 

is governed by this equation, which is proportional to the main 

coil current and the mutual inductance of the two coils. For 

fast EV charging, the DAB converter operates at high power 

levels (typically 50 kW or more).  

The wireless version eliminates physical connectors, 

reducing wear and tear and improving user convenience. It 

provides a high level of efficiency, bidirectional capability, 

and soft switching, making it ideal for modern EV charging 

stations. 

7. Neutral Point Clamped Bidirectional Voltage 

Source Converter Design 
In an Neutral-Point-Clamped (NPC) converter used in an 

Electric Vehicle (EV) charging station, the converter ensures 

efficient AC-DC and DC-AC conversion while maintaining 

high power quality.  

The three-level NPC topology is commonly applied due 

to its ability to handle higher voltages with reduced Total 

Harmonic Distortion (THD), making it ideal for charging 

stations, as shown in Figure 10. 
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Fig. 10 Schematic diagram of NPC voltage sources converter 

7.1. Phase Voltage Equations (Three-Phase NPC Converter) 

The converter generates three levels of output voltage:
 

+
𝑉ⅆ𝑐

2 , 
 0 and  −

𝑉ⅆ𝑐

2
 

For each phase (a, b, and c): 

𝑉𝑎𝑛 =
𝑉ⅆ𝑐

2
⋅ 𝑠𝑎                                                 (46) 

𝑉𝑏𝑛 =
𝑉ⅆ𝑐

2
⋅ 𝑠𝑏                                                 (47) 

𝑉𝑐𝑛 =
𝑉ⅆ𝑐

2
⋅ 𝑠𝑐                                                   (48) 

Where: 𝑉𝑎𝑛,𝑉𝑏𝑛,𝑉𝑐𝑛 are the phase-to-neutral voltages, 𝑠𝑎, 

𝑠𝑏, 𝑠𝑐  are the switching functions for each phase and take 

values of +1, 0, or −1 depending on the switch states, 𝑉ⅆ𝑐 is 

the DC-link voltage. 

7.2. Neutral Point Voltage Equation 

The neutral-point voltage drift is a critical issue in NPC 

converters. The neutral-point current must be balanced to 

avoid voltage unbalance in the capacitors. For the neutral-

point voltage 𝑉𝑛𝑃, the following equation holds: 

𝑉nP =
𝑉𝑐1−𝑉𝑐2

2
                                        (49) 

Where: 𝑉𝐶1 and 𝑉𝐶2 are the voltages across the upper and 

lower capacitors of the DC-link. 

7.3. Neutral-Point Current 

The neutral-point current 𝐼𝑛𝑃 is defined as the current 

flowing through the neutral point and depends on the 

imbalance in switching. 

𝐼𝑛𝑃 = 𝐼𝑢𝑝𝑝𝑒𝑟 − 𝐼𝑙𝑜𝑤𝑒𝑟                                    (50) 

Where: 𝐼𝑢𝑝𝑝𝑒𝑟  is the current through the upper switches, 

𝐼𝑙𝑜𝑤𝑒𝑟   is the current through the lower switches. The neutral-

point current must be controlled to ensure that 𝐼𝑛𝑃 = 0 to avoid 

drift in the neutral-point voltage. 

7.4. AC to DC Conversion Equations 

For the AC-DC conversion process in the NPC converter, 

the output DC voltage 𝑉ⅆ𝐶  is related to the input AC voltage 

𝑉𝑖𝑛 as follows: 

𝑉ⅆ𝑐 =
3√2

𝜋
𝑉𝑖𝑛                                              (51) 

Where:  Vin  is the RMS value of the input AC voltage. 

The DC current 𝐼ⅆ𝐶  is related to the AC current 𝐼𝑖𝑛 as: 

𝐼ⅆ𝑐 =
3√2

𝜋
𝐼𝑖𝑛                                            (52) 

Where: 𝑉𝑖𝑛 is the RMS value of the input AC voltage 

7.5. Power Flow Equations 

The power delivered from the AC side to the DC side 

during charging is given by: 

𝑃𝐴𝐶 = 3𝑉𝑖𝑛𝐼𝑖𝑛cos (𝜙)                                  (53) 

Where: 𝑃𝐴𝐶  is the active power transferred from the grid 

to the EV, 𝑉𝑖𝑛 is the phase voltage, 𝐼𝑖𝑛 is the phase current,  
cos (ϕ) is the power factor. The power on the DC side of 

the converter can be expressed as: 

𝑃𝐷𝐶 = 𝑉ⅆ𝐶𝐼ⅆ𝐶                                     (54) 

7.6. Total Harmonic Distortion (THD) Calculation 

The NPC converter is designed to reduce THD. The 

formula to calculate THD in the output current is: 

𝑇𝐻𝐷 = √
𝛴𝑛=2

∞ 𝐼𝑛
2

𝐼1
2 × 100                               (55) 

Where 𝐼𝑛 is the RMS value of the nth harmonic current, 

𝐼1 is the RMS value of the fundamental current. 

7.7. DC-Link Capacitor Design Equation 

The size of the DC-link capacitor in an NPC converter is 

crucial for maintaining stable voltage. The required 

capacitance 𝐶ⅆ𝐶 can be calculated as: 

𝐶ⅆ𝑐 =
𝑃𝐷𝐶

2⋅𝑓𝑠𝑤⋅Δ𝑉ⅆ𝑐⋅𝑉ⅆ𝑐
                                         (56) 

Where: 𝑃𝐷𝐶  is the DC power, 𝑓𝑠𝑤 is the switching 

frequency, Δ𝑉ⅆ𝑐 is the allowable ripple in the DC-link voltage. 

7.8. Inductor Design (Ripple Filter) 
The inductor value is designed based on the allowed 

current ripple and switching frequency. The formula is: 

𝐿 =
𝑉ⅆ𝑐⋅𝐷⋅(1−𝐷)

𝑓𝑠⋅Δ𝐼𝑟𝑖𝑝𝑝𝑙𝑒
                                       (57) 

Where: L = Inductor value (in Henrys),  VdC = DC bus 

voltage (in Volts), D = Duty cycle (ratio between 0 and 1), 𝑓𝑠 

= Switching frequency (in Hertz), Δ𝐼𝑟𝑖𝑝𝑝𝑙𝑒  = Allowed peak-to-

peak current ripple (in Amperes) 

7.9. Capacitor Design (Ripple Filter) 

The capacitor value is chosen based on the desired voltage 

ripple and the current flowing through the capacitor. The 

formula is: 

 𝑐 =
𝐼𝑙𝑜𝑎ⅆ

4⋅𝑓𝑠⋅𝑉𝑟𝑖𝑝𝑝𝑙𝑒
                                   (58) 
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Where C = Capacitor value (in Farads), 𝐼𝑙𝑜𝑎ⅆ  = load 

current (in Amperes),  fs = Switching frequency (in Hertz), 

𝑉𝑟𝑖𝑝𝑝𝑙𝑒 = Allowed peak-to-peak voltage ripple (in Volts). 

8. Proposed Fuzzy Logic Controller Design 
The control of DC link voltage (𝑉ⅆ𝐶) is crucial for system 

stability and efficient power flow, especially in grid-

connected systems or renewable energy integration scenarios, 

as shown in Figure 11. The process starts with generating a 

reference DC link voltage (𝑉ⅆ𝐶
∗ ) determined by the DC link 

voltage controller based on operational requirements. The 

actual DC link voltage is continuously monitored and 

compared to the reference value to produce a voltage error 

(𝑉ⅆ𝑐𝑒 = 𝑉ⅆ𝑐
∗ − 𝑉ⅆ𝑐), which serves as the primary input for 

corrective action.  

The rate of change in the voltage error (Δ𝑉ⅆ𝑐𝑒) is also 

calculated to enhance the control process's accuracy. Both the 

voltage error and its change are fed into the fuzzy logic 

controller (FLC), which plays a vital role in addressing system 

nonlinearities and uncertainties. The FLC intelligently adjusts 

the control action based on predefined rules and membership 

functions, resulting in a compensated error signal (𝑉ⅆ𝑐𝑒_𝑓𝑙𝐶) 

and a modified error signal (𝑉ⅆ𝑐_𝑚𝑜ⅆ). This modified error is 

then passed to the main voltage controller, which adjusts 

power electronics to regulate the DC link voltage accordingly. 

This hybrid control strategy enhances the performance of the 

DC link voltage control system by reducing overshoot, 

improving transient response, and maintaining voltage 

stability under varying operational conditions. 

 
Fig. 11 Schematic diagram of hybrid fuzzy DC link voltage controller 

 

Fig. 12 Surface view of rule Base for FLC 

9. Results and Discussion 
9.1. Wind Grid Connected Renewable Energy System for 

Stability and Load Balancing with Fuzzy Logic Control  
For power stability and quality, fuzzy logic control 

optimises solar and wind energy integration in this grid-

connected electric vehicle rapid charging system. Local linear 

and nonlinear loads and EV charging stations are driven by a 

60-kW solar array and wind turbine electricity. The nonlinear 

load is 10 kW; the linear load is 100 kW; the EV charging 

station runs 30 kW. The total load demand is 140 kW, more 

than the capacity of 120 kW renewable energy-producing 

capabilities.  

The grid must provide the remaining 20 kW to balance 

the load. Fuzzy logic controls smooth variations in renewable 

energy output brought on by weather. Variations in the 

production of solar and wind power influence the energy 

supply. Figure 12 illustrates the wind turbine produces 30 kW 

instead of 60 kW when the wind speed lowers from 12 m/s to 

10 m/s between 0.2 seconds and 0.8 seconds.  

Loss of wind generation lowers demand and EV charging 

energy, pushing grid reliance to offset the gap. Furthermore, 

after 0.3–0.7 seconds, solar irradiation falls from 1000 W/m² 

to 500 W/m², therefore changing the solar power production 

from 60 kW to 30 kW. This aggravates the power scarcity; 

hence, grid support becomes even more important.  

The EV charging current swings from 50 A to 100 A 

between 0.4 and 0.6 seconds, therefore extracting more power 

for quick charging. This increase in EV charging demand 

matches a decrease in renewable energy supply; hence, more 

grid power is needed to charge EVs without upsetting other 

needs.  

Dynamic power distribution among loads, renewable 

sources, and the grid lets the fuzzy logic controller optimise 

system stability under changing circumstances. As shown by 

power flow fluctuations in Figure 13, the controller reduces 

voltage fluctuations and maintains grid current quality, hence 

preserving power quality. This method lowers THD, balances 

load demand, and improves the EV charging infrastructure 

created from renewable energy sources.  
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Fig. 13 Simulation results of grid-connected renewable energy system 

for stability and load balancing with fuzzy logic control 

9.2. Comparative Results of Fuzzy and PI Controller 

Technique 

Solar and wind energy combined into grid-connected 

Electric Vehicle (EV) quick charging stations will help to 

increase stability and power quality. To improve the efficiency 

of this integration, we have replaced traditional Proportional 

Integral (PI) control strategies with a Fuzzy Logic Controller 

(FLC). Though the PI controller is usually used for system 

control, it usually fails to respond to the dynamic changes in 

power supply and load demand, particularly in fast 

fluctuations in renewable energy generation. Conversely, the 

Fuzzy Logic Controller uses a more flexible approach by way 

of a rule-based system capable of effectively controlling 

uncertain and variable circumstances. This flexibility enables 

the FLC to limit dynamic and transient responses, retaining 

system stability and improving power quality. As 

demonstrated in Figure 14, the performance of the fuzzy 

controller far surpasses that of the PI controller, especially in 

the management of changes linked to renewable energy 

sources.  

This progress not only guarantees the optimal use of 

renewable energy sources but also increases the reliability of 

the infrastructure for EV charging. Maintaining system 

performance and stability in grid-connected Electric Vehicle 

(EV) quick charging systems employing solar and wind 

energy relies significantly on power quality. Among the key 

power quality measures in both grid and load currents is their 

Total Harmonic Distortion (THD). The Fuzzy Logic 

Controller (FLC) over the Proportional-Integral (PI) controller 

considerably improves these values. In Figures 14(a) and (c), 

the grid current THD with the FLC is dropped to 2.3%, a 

notable decrease over the 3.75% THD recorded with the PI 

controller.  

Moreover, under non-linear load conditions, the FLC gets 

a non-linear load current THD of 19.27%, as shown in Figure 

14(d), whereas the PI controller generates a larger THD of 

22.14%, as shown in Figure 14(c). These results demonstrate 

the remarkable potential of the FLC to reduce harmonic 

distortion, therefore maximising power quality, improving 

system stability, and ensuring more efficient integration of 

renewable energy sources with the grid and EV charging 

infrastructure. 
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Fig. 14 Simulation results of comparative fuzzy and PI control 

technique 

Table 1. Comparison details of fuzzy and PI controller 

Parameters Fuzzy PI 

Rise Time (s) 0.0072 0.0042 

Settling Time (s) 0.0186 0.0657 

Peak Time (s) 0.0109 0.0176 

Overshoot Time(ms) 56.0887 92.7743 

Peak (V) 931.8202 1157 

Grid current THD (%) 2.3 3.75 

Load current THD (%) 19.27 22.14 

  
(a)  (b) 

  
(c)            (d) 

Fig. 15 Comparative results for grid and load current THD values 
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10. Conclusion  
The proposed system improves system reliability and 

energy economy by effectively merging solar and wind energy 

sources into a grid-connected Electric Vehicle (EV) fast-

charging configuration. Maximum Power Point Tracking 

(MPPT) for optimal energy extraction and Neutral-Point 

Clamped (NPC) converters for increased voltage balancing 

guarantee smooth power management in the system. 

Particularly by reducing Total Harmonic Distortion (THD) in 

both grid current and nonlinear load conditions, the 

acceptability of a Fuzzy Logic Controller (FLC) has far 

surpassed the standard PI controller regarding stability and 

power quality. By way of its dynamic reactivity to variations 

in power production and load demand, the FLC protects 

system stability and improves the overall performance of the 

integrated system. These innovative technologies, taken 

together, enable the system to handle household load 

management, fast EV charging, and complex renewable 

energy integration, therefore offering a solid and scalable 

solution for future energy demands. Apart from encouraging 

sustainable energy use, this approach ensures a great level of 

power quality and operational efficiency. 
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