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Abstract - This paper presents a grid-integrated wind energy system designed to enhance the reliability of electrical power supply 

to consumers while reducing dependence on the conventional distribution grid. In this system, an AC output from a Permanent 

Magnet Synchronous Generator (PMSG) is rectified and fed to a Z-source inverter for connection to the grid. The Z-source 

inverter performs the function of boosting the DC link voltage while converting it to AC power in one step, and therefore, it has 

been shown to reduce the overall size, cost, and voltage ripples of the system. A control strategy is developed to regulate the DC 

link voltage across the inverter bridge terminals, to maximize the power extracted from the wind turbine based on the Perturb 

and Observe (P&O) MPPT tracking method, and to ensure a unity power factor. The proposed control strategy utilizes two 

independent control variables, i.e., the shoot-through duty cycle and the modulation index, to separate DC side and AC side 

control. For addressing issues associated with weak grids, such as voltage fluctuations, harmonic distortion, and reactive power 

imbalance, a Distribution Static Compensator (DSTATCOM) is used. An adaptive Artificial Neural Network (ANN)-based 

control strategy is utilized to improve the performance of both the Z-source inverter and the DSTATCOM used in the hybrid 

renewable energy system proposed in this work. The ANN-based control strategy is able to mitigate transient disturbances, 

improve dynamic responses, and provide smart reactive power compensation under nonlinear and time-varying loading 

conditions. Compared to the traditional Proportional–Integral (PI) controller, the ANN-based controller has a fast response 

time, high adaptability, and high accuracy for improving the quality of power. Simulation results obtained from using 

MATLAB/Simulink show that the ANN-based controlled system has a lower Total Harmonic Distortion (THD) than the PI-

controller system, nearly unity power factor, and complies with the IEEE-519 standard. Therefore, the proposed control strategy 

allows for maximum power extraction from renewable energy resources, regulates the DC-link voltage stably, and enhances the 

grid-side performance, proving its suitability for modern renewable-energy-integrated electric power systems. 

Keywords - Artificial Neural Network (ANN), Z-Source Inverter, Wind Energy Conversion System, Permanent Magnet 

Synchronous Generator (PMSG), DSTATCOM, Power Quality Improvement, Total Harmonic Distortion (THD), Maximum 

Power Point Tracking (MPPT).

1. Introduction  
A primary reason for the increase in demand for 

renewable energy is the urgency to lower greenhouse gas 

emissions, address climate change, and provide sustainable 

energy for long-term consumption. With wind, solar, and 

hydropower being an increasing portion of the world’s total 

energy supply, utilities and grid operators face new issues with 

respect to maintaining stability, reliability, and quality of 

power. Wind energy has become one of the most adopted 

forms of renewable energy globally because of its abundance, 

renewability, and relatively low cost. As utilities continue 

their transition to using renewable energy as their base load 

fuel, the way that utilities operate and design their power grids 

will begin to change [1]. Most modern renewable generators 

connect to the utility grid via power electronic converters; this 

has caused many utility networks to contain mostly converter-

based systems. Of all the different forms of renewable energy 

available to consumers, wind energy has gained popularity 

due to its widespread availability and abundance. Therefore, 

there has been a substantial increase in the number of large-

scale high-power wind farms over the past decade. Solar 

energy is also a key form of renewable energy; however, it is 

only able to generate electricity when daylight is available, 

therefore rendering it useless at night. Variable speed wind 

turbines can be either DFIG or PMSG. DFIGs are typically 

less reliable than PMSGs because they employ a slip ring and 
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brush assembly, which results in mechanical wear and 

requires maintenance [2-4]. Additionally, DFIGs are capable 

of operating within a very narrow speed range (±30% around 

synchronous speed), limiting the amount of energy that can be 

extracted from a given wind condition. 

Furthermore, DFIGs are generally equipped with a 

gearbox to allow the turbine and generator to run at different 

speeds; this adds additional mechanical complexity and 

increases maintenance costs. Because the stator of a DFIG is 

connected directly to the grid, the DFIG is susceptible to grid 

faults and voltage disturbances, affecting stability. PMSG has 

a number of advantages when compared to DFIG, including: 

higher performance, reduced maintenance requirements when 

compared to DFIG, and the ability to operate as a direct drive 

system [5]. Direct drive operation does not require a gearbox; 

therefore, it reduces mechanical loss and increases the 

reliability of the system. A comprehensive overview of 

commercially available PMSG- and DFIG-based wind 

turbines can be found in [6]. 

Wind turbines use Doubly Fed Induction Generators 

(DFIGs), which draw reactive power from the grid due to the 

direct connection to the stator; therefore, an auxiliary reactive 

power compensation using a capacitor or STATCOM is 

needed to maintain the grid stability and improve the overall 

performance of the system. As a result of the need for reactive 

power compensation, DFIG-based wind turbines are more 

dependent upon the grid for voltage support, especially when 

there are variations in wind speed or the occurrence of grid 

faults. Permanent Magnet Synchronous Generators (PMSGs) 

are self-excited due to the presence of the permanent magnet 

and therefore do not inherently consume reactive power, 

making them more suitable to be integrated into the grid 

compared to DFIG-based wind turbines. The main objective 

of Wind Energy Conversion Systems (WECSs) is to obtain the 

maximum amount of power available in the wind and provide 

high-quality electric power to the utility grid.  

To achieve this goal, advanced power electronic 

interfaces are required, and among the most widely used 

topologies for WECSs is the AC–DC–AC converter [8], 

which permits the variable-speed operation of wind turbines 

to optimize the power extraction from the wind at different 

wind speeds while providing stable grid frequency and voltage 

[9]. Widespread application of the AC–DC–AC converter has 

been responsible for significant improvement of both system 

efficiency and grid reliability [10]. Power electronic 

converters are playing a critical role in the realization of 

efficient energy extraction and reliable grid integration in 

modern wind energy conversion systems. A common 

configuration of the power electronic converters used in the 

wind energy conversion systems is the Voltage Source 

Converter (VSC). Although the traditional VSC offers some 

advantages, it also has its own disadvantages. When the VSC 

performs the function of a buck-type inverter during the 

process of DC-to-AC conversion, the DC-link voltage should 

be greater than the grid voltage; in addition, when two 

switches in a phase-leg conduct simultaneously, they can 

cause short-circuit faults, resulting in damage to the inverter. 

To prevent the occurrence of shoot-through faults, a dead time 

is inserted between the switching transitions; however, the 

insertion of dead Time will cause the degradation of power 

quality and increase the current distortion [11]. 

In order to overcome the “buck-type” limitation of 

WECSs, a two-stage conversion system is generally used. As 

an example, the three-phase diode bridge can act as a rectifier 

for the Machine-Side Converter (MSC). However, at low 

wind turbine speeds, this type of unregulated rectifier likely 

fails to provide enough DC voltage for the Grid-Side 

Converter (GSC) to operate effectively and maximize the 

amount of power that can be extracted from the wind turbine. 

In order to resolve this issue, a DC–DC boost converter can be 

used to elevate the output voltage to the desired level, allowing 

for the highest possible power extraction from the wind 

turbine. Although this method is relatively inexpensive and 

easy to implement, it introduces several problems, such as 

large amounts of harmonic currents flowing through the 

generator winding, excessive heating, and torque oscillation, 

illustrating the need for more sophisticated power electronics 

for use in today’s wind energy systems.  

The PMSG can be connected to the grid via two two-level 

Voltage Source Converters (VSCs) configured in a Back-To-

Back (B2B) configuration with Pulse-Width Modulation 

(PWM) control. Typically, a voltage transformer is included 

between the Grid-Side Converter (GSC) and the grid in order 

to match the voltage requirements between the GSC and the 

grid. This configuration is typically simple, robust, and 

reliable; however, it has several disadvantages, such as larger 

switching losses, decreased efficiency at high power levels, 

and increased Total Harmonic Distortion (THD) [2]. To 

alleviate these deficiencies associated with traditional two-

stage DC–DC boost converters and VSCs, the Z-Source 

Converter (ZSC) topology was developed as a viable 

alternative for WECSs [12]. The ZSC has a unique impedance 

network comprised of inductors and capacitors, which enables 

the ZSC to perform either a voltage buck or a voltage boost 

within a single-stage configuration. This distinct feature 

permits effective power transfer between the energy source 

and the load without the requirement for an additional DC–

DC converter.  

Due to its single-stage operation, the ZSC provides 

numerous benefits, including enhanced reliability, fewer 

components, smaller size, and lower overall system cost [13]. 

The ability of ZSI to regulate the output voltage independently 

of the input voltage makes it a suitable option for the 

renewable energy technologies that we mentioned above. 

Also, they can sustain “shoot through” states in each leg of the 

inverter without causing damage to the switches, therefore 
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making the overall system more reliable and requiring less 

dead Time to be utilized. The use of a shoot-through duty 

cycle allows the ZSC to increase the DC link voltage and to 

eliminate dead Time, resulting in lower Total Harmonic 

Distortion (THD) and higher quality of power. In recent years, 

ZSIs have been increasingly used in variable frequency drives 

and power conversion systems operating on a fixed DC 

voltage level. Renewable energy applications have also 

become an increasingly important area for ZSIs. Two 

independent control parameters are typically used to control 

these inverters, namely, the shoot-through Duty Ratio (D₀) and 

the Modulation Index (m). SBPWM (Simple Boost Pulse-

Width Modulation) is the most commonly used method to 

control the inverter bridge.  

The PWM technique will convert null states into shoot-

through states, leaving the active-interval states unchanged, 

thereby eliminating the possibility of short-circuiting or 

damage to devices and substantially improving the reliability 

of the inverter. The P&O algorithm has been implemented to 

optimize energy extraction by implementing MPPT for the 

wind turbine.A proposed Artificial Neural Network (ANN) 

controller for determining the shoot-through duty ratio and 

regulating the DC link voltage is also utilized to provide the 

d-q axis synchronous current reference. The proposed 

advanced control method is intended to allow the inverter to 

operate with a unity power factor under variable wind speed 

conditions and to provide the maximum possible power to the 

grid. The proposed ANN-based methodology was evaluated 

using MATLAB / Simulink simulations, which demonstrated 

an improvement in reliability, power quality, and efficiency of 

energy transfer in WECS applications. The recent increased 

usage of power electronic converters and nonlinear loads in 

the modern distribution systems has resulted in many new 

challenges for maintaining Power Quality (PQ) within the 

acceptable limits established by the grid standards [14-15].  

The power electronic converters are commonly 

responsible for introducing current-related PQ problems, 

specifically harmonic distortion and load imbalance [16-17], 

that can lead to higher losses on transmission lines and 

transformers, distorted voltages, lower system efficiency, and 

other negative impacts. As well, the introduction of renewable 

energy sources into the electric grid has introduced voltage-

related PQ problems, such as voltage variations, voltage sags, 

voltage swells, imbalance, and flicker. If voltage variations 

exceed allowable limits, they can cause sensitive equipment to 

malfunction or not function at all, resulting in unreliable 

operation [18-19]. Therefore, various compensation methods 

have been developed to help solve PQ problems, including 

Fixed Capacitors (FC), Static VAR Compensators (SVC), 

DSTATCOM, Dynamic Voltage Restorers (DVR), and 

Unified Power Quality Conditioners (UPQC). Due to their fast 

response time, flexibility in control, and ability to correct both 

voltage and current-related PQ problems, DSTATCOMs are 

considered one of the most effective compensation solutions 

[20-22]. There are two primary operating control modes of the 

DSTATCOM: they are Current Control Mode (CCM) and 

Voltage Control Mode (VCM). The DSTATCOM operates in 

CCM primarily to address current-related PQ issues at the 

Point of Common Coupling (PCC). The increased number of 

nonlinear loads present in today’s electrical distribution 

systems (i.e., rectifiers, variable speed drives, and power 

electronic converters) introduces significant amounts of 

harmonic current into the system [23, 24]. These harmonics 

significantly distort both the supply current and voltage 

waveforms, resulting in additional system losses and lower 

overall efficiencies of the grid-connected equipment. Using a 

DSTATCOM to operate in CCM, it produces compensating 

currents that counteract the reactive, harmonic, and 

unbalanced components of the load current.  

As a result, the source currents become balanced, 

sinusoidal, and in-phase with the corresponding supply 

voltages to maintain a Unity Power Factor (UPF) at the PCC 

[25, 26]. Developing a conventional PI controller for a DG 

system does require an accurate mathematical model to 

represent the system dynamics and varying load 

characteristics. However, traditional PI controllers do not 

perform well under the rapid changes associated with the grid 

and nonlinear load behavior. Researchers have been studying 

and developing “intelligent” control methods for 

DSTATCOM systems to enhance their dynamic responses, 

adaptability, and overall Power Quality (PQ). ANN has 

developed as a promising method for designing controllers for 

power quality improvement devices [27]. The proposed work 

designs a DSTATCOM with an ANN-based controller to 

enhance the performance of a DG system that includes wind 

energy resources [28]. The ANN-based controller effectively 

addresses current-related PQ issues, ensuring compliance with 

IEEE-519 standards [29]. Results from MATLAB simulations 

demonstrate that the ANN-based controller offers superior PQ 

improvements and dynamic performance. 

This work mostly contributes to the following areas: 

 Single-stage buck-boost capability with no extra DC/DC 

converters has been provided through the use of a ZSI in 

a PMSG-based single-stage grid-connected system. 

 Decoupled regulation of the shoot-through duty cycle and 

modulation index of the ZSI is made possible by an 

adaptive ANN controller, which provides a unity power 

factor, constant dc link voltage, and maximizes wind 

power production regardless of the wind speed. 

 Current related power quality problems at the PCC are 

mitigated with the inclusion of a shunt-connected 

DSTATCOM controlled by an ANN controller that can 

compensate for harmonic currents, reactive power, and 

load imbalance due to nonlinear and variable loads. 

 The performance of the proposed ANN-controlled system 

is much better than the performance of conventional PI-

based controllers when subjected to wind speed 

fluctuations and other types of grid disturbances (e.g., 
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voltage sags), because it produces faster settling times, 

less transient oscillation, and better damping than 

conventional PI-based controllers. 

2. Proposed System Configuration 
A variable-speed WECS is used by the new system, 

which utilizes a PMSG that is directly driven by the WECS, 

as shown in Figure 1. This removes the need for a gearbox, 

thereby greatly reducing mechanical loss. The PMSG is 

connected to the grid via a Back-To-Back (B2B) Voltage 

Source Converter (VSC), which includes a ZSC. The B2B 

VSC enables both voltage buck and boost operations in a 

single stage. The Machine-Side Converter (MSC) utilizes a 

Maximum Power Point Tracking P&O based algorithm to 

extract the maximum amount of power from the wind. The 

Grid-Side Converter (GSC) controls the DC link voltage and 

maintains stable voltage and frequency at the PCC. The MSC 

utilizes PWM (pulse width modulated) current control on the 

d-q axes to maintain a unity power factor condition. The 

ANN-controlled ZSC adjusts the shoot-through duty cycle of 

the ZSC to improve DC link voltage stability and the dynamic 

Response of the system. In addition to the above, an ANN-

controlled DSTATCOM provides compensation for the 

reactive power, harmonics, and load unbalances; therefore, it 

provides balanced and sinusoidal current flow into the grid as 

per the IEEE-519 standard. 

 
Fig. 1 Proposed grid-connected wind system with ZS network and DSTATCOM

3. Modelling of Wind Power Generation System 
3.1. Wind Turbine Aerodynamic Modeling 

Wind Energy Conversion Systems (WECS) convert 

wind-generated kinetic energy into mechanical energy by 

rotating a turbine rotor. The aerodynamics of WECS play a 

key role in defining both the efficiency with which the system 

converts wind to useful mechanical work and the overall 

dynamic Response of the system, as shown in Figure 2. 

Aerodynamic models are important to develop control 

schemes, like MPPT, pitch control, and torque regulation, that 

optimize WECS performance under various wind conditions. 

However, wind energy conversions are constrained by Betz’s 

law, indicating that theoretically the most efficient a wind 

energy conversion can be is 59.3%, and that this efficiency is 

affected by many aerodynamic factors, including but not 

limited to rotor design, the tip-speed ratio, and the pitch angle 

of the blades, and these factors affect the power coefficient. 

𝐶𝑃 (λ, β), which is defined as the fraction of the wind power 

that is converted into useful mechanical power. 

3.1.1. Aerodynamic Energy Conversion Principle 

As the wind moves over the rotor blades, it creates lift and 

drag forces because of the shape of the blades. The lift force 

mainly creates torque, while the drag force works against 

rotation and leads to losses. The total power in the wind that 

flows through the area swept by the rotor is expressed as 

𝑃𝑤𝑖𝑛𝑑 =
1

2
𝜌𝐴𝑉𝑤𝑖𝑛𝑑

3  (1) 

Where ρ is the air density (kg/m³), A=𝜋𝑅2 is the swept 

area of the rotor (m²), R is the rotor radius (m), and 𝑉𝑤𝑖𝑛𝑑  is 

the wind velocity (m/s). The actual mechanical power 

extracted by the wind turbine is a fraction of the total wind 

power and is given by: 

𝑃𝑚 =
1

2
𝜌𝐴𝐶𝑝(𝜆, 𝛽)𝑉𝑤𝑖𝑛𝑑

3                                            (2) 

Where 𝐶𝑝(𝜆, 𝛽) represents the power coefficient as a 

function of the tip-speed ratio λ and the blade pitch angle β.
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Fig. 2 Wind turbine model

3.1.2. Tip-Speed Ratio (TSR)  

The Tip-Speed Ratio is an important aerodynamic 

measurement that shows how fast the blade tip is moving 

compared to the actual wind speed. It is defined as 

𝜆 =
𝜔𝑟𝑅

𝑉𝑤𝑖𝑛𝑑
 (3) 

Where 𝜔𝑟 is the rotational speed of the rotor (in rad/sec). 

Every wind turbine has an optimal tip speed ratio (𝜆𝑜𝑝𝑡) for 

that wind turbine, at which the maximum Power Coefficient 

(𝐶𝑝) will be obtained. Operating the turbine at this optimal 

𝜆𝑜𝑝𝑡 allows the turbine to operate with the highest possible 

aerodynamic efficiency, and also allows the maximum 

amount of energy to be extracted. Any deviation from 𝜆𝑜𝑝𝑡 

will reduce Cp and therefore result in less power being 

produced by the turbine due to reduced aerodynamic lift and 

greater drag. 

 
Fig. 3 Turbine power characteristics at different wind speeds with pitch 

angle β=0∘ 

3.1.3. Power Coefficient 𝐶𝑝(𝜆, 𝛽) Characteristics 

The aerodynamic efficiency of a wind turbine can be 

defined by the power coefficient. 𝐶𝑝(𝜆, 𝛽). This power 

coefficient is dependent upon both the tip speed ratio (λ) and 

the blade pitch angle (β), as shown in Figure 4. As a result, Cp 

is typically found using empirical or semi-empirical relations 

based upon aerodynamic data. A typical expression for the 

power coefficient is 𝐶𝑝.  

𝑐𝑝(𝜆, 𝛽) = (0.45 − 0.167(𝛽 −

2)) sin (
𝜋(𝜆+0.1)

14.34−0.3(𝛽−2)
) − 0.00184(𝜆 − 3)(𝛽 − 2) (4)  

It is often expressed in this analytical form throughout 

literature due to its accuracy in modeling the nonlinear 

aerodynamic characteristics of a wind turbine with limited use 

of lookup tables. The first term defines the primary sinusoidal 

relationship between 𝐶𝑝 Moreover, λ, while the second two 

terms define the pitch-related corrections of −0.167 (β−2) and 

−0.00184 (λ−3) (β−2) that modify the amplitude and phase 

shift of the curve. These correction terms illustrate the 

influence of the pitch angle upon the aerodynamic 

performance of the rotor through modification of the effective 

lift-to-drag ratio and angle-of-attack at which the blades 

operate [30, 31]. 

At a fixed pitch angle of β=2∘, the highest 𝐶𝑝 is 

approximately 0.44 when the tip speed ratio λ=8. At this point, 

there is the best possible operating condition for extracting the 

maximum amount of energy from the wind under typical 

conditions.  

With increasing pitch angles, the maximum 𝐶𝑝 is 

decreased, which shows how to limit the amount of power that 

can be extracted by limiting the aerodynamics as the wind 

speed increases. 

3.1.4. Mechanical Power and Torque 

Equation (2) yields the mechanical power produced by 

the turbine rotor, which is transformed into shaft torque via 

the relationship. 

𝑇𝑚 =
𝑃𝑚

𝜔𝑟
 (5) 

Substituting the value of Pm from Equation (2), the torque 

can be expressed as: 

𝑇𝑚 =
1

2
𝜌𝐴

𝐶𝑝(𝜆,𝛽)𝑉𝑤𝑖𝑛𝑑
3

𝜔𝑟
 (6) 

This Equation shows that the aerodynamic torque 

depends on the tip-speed ratio and the square of the wind 

velocity, highlighting the complex relationship between 

mechanical output and wind conditions. 



Rajesh K & Suresh Babu Daram / IJEEE, 13(3), 178-199, 2026 

183 

 
Fig. 4 Power coefficient vs tip speed ratio plot 

3.2. Permanent Magnet Synchronous Generator (PMSG) 

Modeling 

PMSGs are currently the most often used generator type 

in many contemporary WECS because of their high 

efficiency, compact size, and lack of need for external 

stimulation. They are perfect for both direct drive and variable 

speed wind turbines because they eliminate the requirement 

for field windings and the losses that come with them. The 

creation of the PMSG’s mathematical model and the analysis 

of its steady state and dynamic functioning are made much 

easier by the use of a synchronously rotating dq reference 

frame. 

3.2.1. Electrical Equations in the dq Reference Frame 

In the rotor reference frame, the stator voltage equations 

of a PMSG can be expressed as 

𝑣𝑑 = 𝑅𝑠𝑖𝑑 +
𝑑𝜓𝑑

𝑑𝑡
− 𝜔𝑒𝜓𝑞 (7) 

𝑣𝑞 = 𝑅𝑠𝑖𝑞 +
𝑑𝜓𝑞

𝑑𝑡
− 𝜔𝑒𝜓𝑑 (8) 

Where Rs is the stator resistance (Ω), 𝑣𝑑 and 𝑣𝑞   are the 

direct-axis and quadrature-axis stator voltages (V), 𝑖𝑑 and 𝑖𝑞  

are the corresponding stator currents (A), 𝜓𝑑 and 𝜓𝑞  are the 

flux linkages (Wb), and 𝜔𝑒 is the electrical angular frequency 

(rad/s). 

The flux linkages in the ⅆ𝑞 axes are given by 

𝜓𝑑 = 𝐿𝑑𝑖𝑑 + 𝜓𝑓 (9) 

𝜓𝑞 = 𝐿𝑞𝑖𝑞 (10) 

Where 𝐿𝑑 and 𝐿𝑞 represent the stator inductances in the 

direct and quadrature axes (H), and 𝜓𝑓 is the flux linkage 

produced by the permanent magnets (Wb). Substituting 

Equations (9) and (10) into Equations (7) and (8) gives the 

dynamic voltage model of the PMSG as 

𝑣𝑑 = 𝑅𝑠𝑖𝑑 + 𝐿𝑑
𝑑𝑖𝑑

𝑑𝑡
− 𝜔𝑒𝐿𝑞𝑖𝑞  (11) 

𝑣𝑑 = 𝑅𝑠𝑖𝑞 + 𝐿𝑞
𝑑𝑖𝑞

𝑑𝑡
+ 𝜔𝑒(𝐿𝑑𝑖𝑑 + 𝜓𝑓) (12) 

These equations describe the instantaneous voltage 

behavior of the PMSG under dynamic operating conditions. 

3.2.2. Electromagnetic Torque Equation 

The electromagnetic torque developed by the PMSG is 

given by the following expression: 

𝑇𝑒 =
3

2
𝑃(𝜓𝑑𝑖𝑞 − 𝜓𝑞𝑖𝑑) (13) 

Substituting Equations (9) and (10) into Equations (11) 

and (12), the torque equation can be rewritten as 

𝑇𝑒 =
3

2
𝑃[𝜓𝑓𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞] (14) 

In addition to the number of pole pairs as P. Equation (14) 

shows that the first part of the Equation is the electromagnetic 

torque generated by the interaction between the stator current 

and the magnetic field generated by the permanent magnets, 

and the second part of the Equation is the reluctance torque 

generated by the saliency of the rotor. When the generator is a 

non-salient (surface-mounted) PMSG, with 𝐿𝑑 = 𝐿𝑞Then the 

torque equation is simplified to (see below). 

𝑇𝑒 =
3

2
𝑝𝜓𝑓𝑖𝑞  (15) 

This shows that the torque is directly proportional to the 

quadrature-axis current component. 𝑖𝑞 , which is the control 

variable in vector control schemes. 

3.2.3. Mechanical Dynamics 

The rotational dynamics of the turbine-generator system 

can be described by Newton’s second law as:  

𝐽
𝑑𝜔𝑚

𝑑𝑡
= 𝑇𝑚 − 𝑇𝑒 − 𝐵𝜔𝑚 (16) 

Where 𝑇𝑚 is the mechanical torque generated by the 

turbine (N•m), 𝑇𝑒 is the electromagnetic torque (N•m), B is the 

viscous friction coefficient (N•m•s), 𝐽 is the total inertia of the 

turbine and generator shaft (kg•m²), and 𝜔𝑚 is the rotor’s 

mechanical angular speed (rad/s). The electrical angular speed 

and mechanical speed are connected by 

𝜔𝑒 = 𝑃𝜔𝑚 (17)  

Equations (16) and (17) describe the dynamic interaction 

between the aerodynamic torque from the wind turbine and the 

electromagnetic torque produced by the PMSG. 
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3.3. AC–DC Diode Rectifier Operation 

A Permanent Magnet Synchronous (PMSG) uses wind and 

rotor speed to produce an alternating voltage with varying 

frequency and amplitude in a wind energy conversion system. 

The AC to DC step then changes the AC into a DC that is 

transmitted or used to send power to the grid. This 

application’s most popular configuration is the three-phase 

diode bridge rectifier because of its simplicity, efficiency, and 

variable speed operation. Six diodes arranged in a “bridge” 

pattern constitute the three-phase diode bridge rectifier as 

shown in Figure 5.  

Each diode conducts for 1/3 of the electrical cycle, which 

is approximately 120 degrees, depending upon the 

instantaneous s line-to-line voltage being produced by the 

generator. At any given time, two diodes, one from the 

positive leg and one from the negative leg, are conducting 

simultaneously to allow current to flow from the higher 

potential to the lower potential. As a result of these conducting 

cycles, a six-pulse DC waveform is produced at the output of 

the converter. Although the output voltage is unidirectional, it 

contains a small ripple, which can be filtered by a DC link 

capacitor. 

 
Fig. 5 Designing of AC to DC power conversion 

For a balanced three-phase AC supply with an RMS line-

to-line voltage denoted by 𝑉𝐿𝐿, the average value of the DC 

output voltage is expressed as 

𝑉𝐷𝐶 =
3√2

𝜋
𝑉𝐿𝐿 (18) 

The output of the three-phase diode-bridge rectifier 

produces an AC output with a pulsating DC voltage and 

current, denoted as 𝑉𝑤 and 𝐼𝑤  respectively. The rectifier’s 

instantaneous output voltage is dependent upon the speed of 

the generator, and therefore its induced electromotive force; 

however, since this voltage also has a ripple content due to the 

commutation of the diodes, a capacitor is used. 𝐶𝑤 is 

connected across the rectifier output to eliminate the ripples 

from the output voltage and produce a continuous DC voltage 

to feed the subsequent converter stage. 

The DC voltage across the capacitor, denoted as  𝑉𝑤, can 

be expressed by the following relation 

𝐼𝑤 = 𝐶𝑤
𝑑𝑉𝑤

𝑑𝑡
+ 𝐼𝑙𝑜𝑎𝑑 (19) 

Where 𝐼𝑤 is the current provided by the rectifier, 𝐶𝑤  is 

the DC filtering capacitance, and 𝐼𝑙𝑜𝑎𝑑  Is the current fed into 

the DC load connected to the rectifier or the input of the Z-

voltage source converter. The capacitor current is given by 

𝐼𝑐 = 𝐶𝑤
𝑑𝑉𝑤

𝑑𝑡
 , that describes how the capacitor 

charges/discharges based on the balance between the 

instantaneous power delivered by the rectifier and the load. 

During steady state, the capacitor voltage 𝑉𝑤 is approximately 

constant since the average current flowing through the 

capacitor during each switching cycle is zero. The ripple 

contained in the DC voltage is determined by the value of the 

capacitance and the load current, and can be approximated as 

𝛥𝑉𝑤 =
𝐼𝑙𝑜𝑎𝑑

𝑓𝑟𝐶𝑤
 (20) 

Where 𝑓𝑟 is the ripple frequency, typically six times the 

generator frequency in a six-pulse rectifier. A larger capacitor 

value reduces the voltage ripple and maintains a nearly 

constant DC-link voltage. 

4. Designing of Z-Voltage Source Converter 
The Z-source converter is a high-performance Power 

Conditioning System (PCS) designed for power conditioning 

applications that integrate into one stage the functionality of 

voltage-boosting and voltage-inversion. The Z-source 

converter is placed between the rectifier output and the 

inverter bridge to circumvent the limitation of conventional 

VSCs that do not have the ability to withstand the shoot-

through state. The impedance network of the ZSC forms a 

unique path of energy transfer that allows controlled shoot-

through states, while also providing the capability of voltage 

boosting and improving the overall reliability of the system. 

4.1. Z-Source Inverter Design and Modeling 

The first stage of the proposed system is the smoothing of 

the rectified DC voltage from the wind source. 𝑉𝑤 and the 

associated current 𝐼𝑤 provided by the Diode Rectifier. To 

lower the voltage ripple connected to the Diode Rectifier 

output, a DC Filter Capacitor is used. 𝐶𝑤 is employed. The Z-

source Network, which consists of two inductors 𝐿1 and 𝐿2 

and two capacitors 𝐶𝑑𝑐1 and 𝐶𝑑𝑐2 arranged in an “X” form 

between the DC Source and the Inverter Bridge, receives the 

filtered DC power after that. The inductors are located in the 

top and bottom arms of the Network, while the capacitors are 

located diagonally to form a symmetric Energy storage circuit 

that maintains a balanced DC Link Voltage, as shown in 

Figure 6. Typically, under steady-state symmetrical 

operations, the Parameters are assumed to be 𝐿1=𝐿2=L and 

𝐶𝑑𝑐1=𝐶𝑑𝑐2=𝐶𝑑𝑐. Each capacitor’s voltage is denoted by 𝑉𝑐, 
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while the DC link voltage across the inverter bridge is denoted 

by 𝑉𝑑𝑐−𝑙𝑖𝑛𝑘. The shoot-through mode and the non-shoot-

through mode are the two distinct operating modes of the ZSI. 

4.1.1. Shoot-Through (ST) Mode Operation 

Both of an inverter leg’s switches are conducting 

simultaneously during the shoot-through state, which short-

circuits the inverter bridge as shown in Figure 7. The Z-source 

Impedance Network’s diode is reverse-biased. As a result of 

the current being drawn, the inductors 𝐿1 and 𝐿2 will store 

energy, and the capacitors 𝐶𝑑𝑐1 and 𝐶𝑑𝑐2 will discharge 

through the inductors. The equivalent circuit of this state may 

be defined using the following voltage and current 

relationships: 

 
Fig. 6 Designing of grid-connected Z-voltage source inverter

Table 1. Simulation parameters of ZSI 

Parameters Values 

Grid Voltage 230 V 

Grid frequency 𝑓𝑔 50 Hz 

Inductor of ZSI 𝐿1, 𝐿2 1000 µH 

Capacitor of ZSI  𝐶𝑑𝑐1, 𝐶𝑑𝑐2 1000 µF 

Switching frequency 𝑓𝑠 10 KHz 

Interface Inductor (𝐿𝑓) 500 µH 

Filter Capacitor (𝐶𝑓) 100 µF 

𝑣𝐿1 = 𝑉𝑤 + 𝑉𝐶2 (21) 

 𝜈𝐿2 = 𝑉𝐶1  (22) 

 𝑉𝐷𝐶−𝑙𝑖𝑛𝑘 = 0 (23) 

 𝑖𝐶1 = −𝑖𝐿2 (24) 

 𝑖𝐶2 = −𝑖𝐿1 (25) 

Here, 𝑉𝑤 denotes the DC voltage obtained from the 

rectified output of the wind generator. In this mode, the energy 

transfer occurs from the capacitors to the inductors, allowing 

the inductors to store magnetic energy. The DC-link voltage 

remains zero since the inverter bridge is short-circuited. 

4.1.2. Non-Shoot-Through (Non-ST) Mode Operation 

The inverter functions as a typical VSI and provides 

power to the grid or AC load during the non-shoot-through 

interval. As the inductors release their stored energy, the diode 

in the Z-network becomes forward-biased, allowing the input 

source to replenish the capacitors. The voltage and current 

equations governing this mode are given as: 

𝑣𝐿1 = 𝑉𝑤 − 𝑉𝐶1 (26) 

 𝑣𝐿2 = −𝑉𝐶2 (27) 

 𝑉𝐷𝐶−𝑙𝑖𝑛𝑘 = 𝑉𝐶1 + 𝑉𝐶2 (28) 

 𝑖𝐶1 = 𝑖𝐿1 − 𝑖𝐷𝐶  (29) 

 𝑖𝐶2 = 𝑖𝐿2 − 𝑖𝐷𝐶  (30) 

The inverter operates conventionally, converting the 

boosted DC-link voltage into an AC output. The inductors 

discharge, supplying both the load and recharging the 

capacitors, thereby maintaining a balanced and stable DC-link 

voltage. 

4.1.3. Voltage Boost Relationship 

By using the volt-second balance principle across the 

inductors 𝐿1  and 𝐿2  For a single switching cycle T, which 

includes both shoot-through and non-shoot-through durations, 

the Z-source network’s voltage boost capability is determined. 

The expression for the inductor voltage balance is: 

(𝑉𝑤 + 𝑉𝐶2)𝐷𝑠 + (𝑉𝑤 − 𝑉𝐶1)(1 − 𝐷𝑠) = 0 (31) 
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Where Ds is the shoot-through duty ratio, solving for the 

capacitor voltages gives: 

𝑉𝐶1

𝑉𝑤
=

1−𝐷𝑠

1−2𝐷𝑠
 (32) 

𝑉𝐶2

𝑉𝑤
=

𝐷𝑠

1−2𝐷𝑠
  (33) 

The total boosted DC-link voltage can thus be obtained 

as: 

𝑉𝐷𝐶−𝑙𝑖𝑛𝑘 = 𝑉𝐶1 + 𝑉𝐶2 =
𝑉𝑤

1−2𝐷𝑠
  (34) 

The boost factor (B) of the Z-source inverter is defined 

as: 

𝐵 =
1

1−2𝐷𝑠
  (35) 

The DC-link voltage can be expressed as: 

𝑉𝐷𝐶−𝑙𝑖𝑛𝑘 = 𝐵𝑉𝑊 (36) 

The boost factor B increases with the shoot-through Duty 

Ratio (𝐷𝑠); however, to prevent overvoltage stress on passive 

elements, 𝐷𝑠 is typically limited to ensure B remains within a 

safe range. 

4.1.4. Inverter AC Output Voltage 

The inverter uses sinusoidal PWM modulation to 

transform the increased DC-link voltage into a three-phase AC 

output.  

The following provides the basic component of the 

inverter output phase voltage: 

𝑣𝑎𝑐 =
𝑀𝑉𝐷𝐶−𝑙𝑖𝑛𝑘

2
=

𝑀𝐵𝑉𝑚

2
 (37) 

Where M is the modulation index (0<M<1). Therefore, 

the overall voltage gain (G) of the Z-source inverter is 

expressed as: 

𝐺 = 𝑀 × 𝐵 (38) 

Thus, the inverter output voltage becomes: 

𝜈𝑎𝑐 =
𝐺𝑉𝑤

2
  (39) 

This relationship shows that, unlike a conventional VSI, 

the ZSI can boost and invert simultaneously within a single 

stage. The shoot-through state enables a variable DC-link 

boost, while the modulation index controls the AC output 

amplitude, ensuring superior voltage control flexibility. 

4.1.5. Current Relations and Input Characteristics 

The inductor currents in the steady-state condition can be 

represented as: 

𝐼𝐿1 = 𝐼𝐿2 = 𝐼𝑑𝐶
(1−𝐷𝑠)

(1−2𝐷𝑠)
 (40) 

Moreover, the input current during the non-shoot-through 

period is: 

𝐼𝑖𝑛 =
𝐼𝐿1

(1−𝐷𝑠)
= 𝐼𝑑𝑐

(1−𝐷𝑠)

(1−2𝐷𝑠)(1−𝐷𝑠)
= 𝐼𝑑𝑐

1

(1−2𝐷𝑠)
  (41) 

As Ds increases, the inductor current rises, corresponding 

to greater stored energy and higher voltage boost across the 

inverter DC-link. 

The inductors 𝐿1  and 𝐿2  They are designed to limit the 

current ripple to a specified percentage of the average inductor 

current, typically 20%–30%. The required inductance value is 

calculated as: 

𝐿 =
𝑉𝐶𝐷𝑠

𝛥𝐼𝐿𝑓𝑠
 (42) 

Where 𝑓𝑠 is the inverter’s switching frequency and 𝛥𝐼𝐿 is 

the peak-to-peak inductor current ripples. The capacitors 𝐶𝑑𝑐1 

and 𝐶𝑑𝑐2 They are designed to ensure that the voltage ripple 

remains within acceptable limits. The required capacitance 

value is given by: 

𝐶𝑑𝑐 =
𝐼𝐷𝐶−𝑙𝑖𝑛𝑘𝐷𝑠

𝛥𝑉𝑐𝑓𝑠
  (43) 

Where 𝐼𝐷𝐶−𝑙𝑖𝑛𝑘 The current flowing through the DC-link 

is 𝛥𝑉𝑐  is the allowable voltage ripple across the capacitors. 

Larger capacitance values reduce voltage fluctuations and 

maintain balanced capacitor voltages under dynamic 

operating conditions. 

 
Fig. 7 Description of the SBPWM 

The Z-source impedance network serves as both an 

energy storage and boost interface, allowing the inverter to 

manage shoot-through conditions safely while delivering a 
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stable and increased DC-link voltage. The DC filter capacitor 

𝐶𝜔 smooths the output from the rectifier, while the Z-source 

capacitors 𝐶𝑑𝑐1 and 𝐶𝑑𝑐2 Maintain the necessary balance of the 

DC-link voltage. This setup boosts voltage stability, improves 

dynamic performance, and guarantees reliable operation of the 

wind energy system connected to the grid.  

4.2. Control Design of Z-Voltage Source Converter 

The layout of the controls shown in Figure 6 is a control 

method based on an ANN for a ZSI that is connected to a wind 

energy system powered by a PMSG. Several steps of the 

controller work together to make sure that the grid is in sync, 

that the maximum power point is tracked, that the DC link 

voltage is regulated, that the dq axis current is controlled, that 

modulation indexes are generated, and that gate pulses are 

produced, as shown in Figure 10. 

4.2.1. Maximum Power Point Tracking Stage 

The Perturb and Observe algorithm first identifies the 

reference Wind Side Voltage 𝑉𝑤
∗ corresponding to the 

maximum power point by observing the change in output 

power with respect to voltage, as shown in Figure 8, presents 

a flow chart of the P&O MPPT algorithm [32-33]. The 

instantaneous power is obtained from the measured wind 

voltage and current as: 

𝑃𝑤 = 𝑉𝑤𝐼𝑤 (44) 

The incremental power change determines the direction 

of adjustment of the reference voltage. 

𝑑𝑃

𝑑𝑉
> 0 ⇒ 𝑉𝑤

∗𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑠 (45) 

 
𝑑𝑃

𝑑𝑉
< 0 ⇒ 𝑉𝑤

∗ⅆ𝑒𝑐𝑟𝑒𝑎𝑠𝑒𝑠 (46) 

To improve dynamic Response and reduce steady state 

oscillations, an Artificial Neural Network is used to refine the 

reference voltage according to the nonlinear relationship. 

𝑉𝑤,𝑟𝑒𝑓 = 𝑓𝐴𝑁𝑁(𝛥𝑃, 𝛥𝑉) (47) 

The ANN continuously adapts to varying wind speed and 

generator operating conditions to provide a smooth and 

optimal reference for the DC side converter. 

4.2.2. Outer DC Link Voltage Control Loop 

The DC voltage from the Z source impedance network is 

maintained at a constant level to ensure stable inverter 

operation. The voltage error is calculated as: 

𝑒𝑑𝑐(𝑡) = 𝑉𝑑𝑐
∗ −𝑉𝑑𝑐 (48) 

This error signal is processed by an ANN regulator that 

produces the reference d-axis current. 

𝐼𝑑
∗ = 𝑓𝐴𝑁𝑁(𝑒𝑑𝑐 , 𝑒̇𝑑𝑐) (49) 

The ANN replaces the conventional proportional-integral 

controller and provides faster transient Response and adaptive 

tuning during nonlinear and dynamic conditions. 

4.2.3. Inner Current Control Loop 

The synchronous reference frame transformation 

converts the measured grid voltages and currents from the abc 

frame into the dq frame using the grid angular position 

obtained from a phase-locked loop. The transformation 

equations are  

𝑉𝑑 =
2

3
(𝑉𝑎 + 𝑉𝑏 cos 1200 + 𝑉𝑐 cos 2400) (50) 

 𝑉𝑞 =
2

3
(𝑉𝑎 + 𝑉𝑏 sin 1200 + 𝑉𝑐 sin 2400)    (51) 

 [
𝐼𝑑
𝐼𝑞

] =
2

3
[

cos(𝜃) cos (𝜃 −
2𝜋

3
) cos (𝜃 +

2𝜋

3
)

− sin(𝜃) − sin (𝜃 −
2𝜋

3
) −𝑠𝑖𝑛 (𝜃 +

2𝜋

3
)
] [

𝐼𝑎
𝐼𝑏
𝐼𝑐

] 

 (52)                

The dq axis reference currents are compared with the 

measured currents to obtain current errors. 

𝑒𝑑 = 𝐼𝑑
∗ − 𝐼𝑑 (53) 

𝑒𝑞 = 𝐼𝑞
∗ − 𝐼𝑞  (54) 

and their derivatives as 

𝑒̇𝑑 =
𝑑

𝑑𝑡
(𝑒𝑑) (55) 

 𝑒̇𝑞 =
𝑑

𝑑𝑡
(𝑒𝑞) (56) 

These errors are processed by two independent ANN 

controllers to determine the reference dq-axis voltages. 𝑉𝑑
∗ and  

𝑉𝑞
∗. The ANN controller outputs are given by 

𝑉𝑑
∗ = 𝑓𝐴𝑁𝑁(𝑒𝑑,𝑒̇𝑑) + 𝜔𝐿𝐼𝑞 + 𝑉𝑑  (57) 

𝑉𝑞
∗ = 𝑓𝐴𝑁𝑁(𝑒𝑞,𝑒̇𝑞) + 𝜔𝐿𝐼𝑑 + 𝑉𝑞  (58) 

Here, L represents the filter inductance and ω is the grid 

angular frequency obtained from the PLL. The cross-coupling 

terms (𝜔𝐿𝐼𝑞) and (𝜔𝐿𝐼𝑑) ensure proper decoupling between 

the d and q axes, improving current control accuracy.  

The inclusion of grid voltages 𝑉𝑑 and 𝑉𝑞   The control law 

helps in achieving better synchronization and stable power 

injection into the grid. 
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Fig. 8 The MPPT’s perturb and observe technique flow chart 
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Fig. 9 Plot of wind power vs wind voltage 

4.2.4. Generation of Reference Modulation Signals 

The reference dq-axis voltages 𝑉𝑑
∗ and 𝑉𝑞

∗ are converted 

into modulation signals 𝑚𝑑
∗  and 𝑚𝑞

∗  as 

𝑚𝑑
∗ =

√(𝑉𝑑
∗)

2
+(𝑉𝑞

∗)
2

𝑉𝑑𝑐
  (59) 

𝑚𝑞
∗ = tan−1 (

𝑉𝑞
∗

𝑉𝑑
∗) + 𝜔𝑡  (60) 

These quantities define the amplitude and phase required 

to synchronize the inverter output voltage with the grid 

voltage. The dq-axis reference modulation signals 𝑚𝑑
∗  and 𝑚𝑞

∗  

are generated by the control loops that regulate current or 

voltage based on system requirements. These references are 

transformed into three-phase sinusoidal modulation signals. 

𝑀𝑎𝑏𝑐 through the inverse Park–Clarke transformation, 

expressed as: 

Start 

Input the data: 

V (n) and I(n) 

P (n) = V (n)*I (n) 

∆V = V (n) - V (n-1) 

∆P = P (n) - P (n-1) 

∆P>0 

∆V>0 ∆V>0 

D - ∆D 

 

D - ∆D 

 
D + ∆D D + ∆D 

 

P (n-1) = P (n) 

V (n-1) = V (n) 

Y 

N Y 

N 

Y N 

ΔD = ΔD*C 
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[

𝑚𝑎

𝑚𝑏

𝑚𝑐

] = [

sin(𝜔𝑡)

sin(𝜔𝑡 − 120°)

sin(𝜔𝑡 + 120°)
] ⋅ (𝑚𝑑

∗ + 𝑗𝑚𝑞
∗) (61) 

The grid’s electrical angle is represented by 𝜔𝑡. To create 

PWM switching pulses for the inverter switches, these 

sinusoidal signals 𝑀𝑎𝑏𝑐 are compared to a high-frequency 

carrier (triangular) waveform. The wind-side operating point 

is continuously modified by the P&O Maximum Power Point 

Tracking algorithm. It keeps the DC-link voltage. 𝑉𝐷𝐶−𝑙𝑖𝑛𝑘  at 

the ideal level to harvest the most power possible from the 

wind turbine generator by adjusting 𝑚𝑑
∗   and 𝑚𝑞

∗ .  

 
Fig. 10 Control strategy of Z-Voltage source converter 

4.2.5. Shoot-Through State Generation 

In order to activate the voltage boosting function, the 

inverter purposefully introduces a Shoot-Through (ST) state. 

This scenario occurs when one or more inverter legs’ two 

switches are turned on at the same Time. Logical OR 

operations are used to combine the shoot-through gating 

pulses and the sinusoidal reference signals to create the shoot-

through command, as follows: 

𝑉𝑆𝑇 = (𝑉𝑝  𝑂𝑅 𝑉𝑛) 𝑂𝑅 𝑀𝑎𝑏𝑐  (62) 

Where: 

 𝑉𝑝: positive shoot-through gating pulse, 

 𝑉𝑛: negative shoot-through gating pulse, and 

 𝑀𝑎𝑏𝑐: Sinusoidal modulation signals. 

This logic ensures that the inverter bridge is short-circuited 

during shoot-through intervals, while normal PWM operation 

occurs during non-shoot-through periods. This integration 

preserves the PWM control while allowing voltage boost 

within the same switching framework. 

5. Designing of DSTATCOM 
Modern electrical distribution systems are being affected 

by nonlinear loads like diode rectifiers, variable frequency 

drives (adjustable speed drives), and switch-mode power 

supplies, which generate harmonic currents and reactive 

power demands, resulting in distorted voltages and reduced 

efficiency within the electrical distribution system. This 

results in degraded power quality and increased THD at the 

PCC. To counteract the adverse effects of the nonlinear loads 

on the electrical distribution system, a DSTATCOM can be 

used as an Active Power Filter (APF) and as a shunt-connected 

device. The DSTATCOM injects dynamic compensating 

currents into the distribution system to provide sinusoidal 

source currents and a unity power factor, as shown in Figure 

11. An Adaptive ANN controller is proposed in this work to 

improve the dynamic performance of the DSTATCOM for 

changing load conditions. The ANN controller produces the 

optimal reference signal for the compensating current so that 

the DSTATCOM can accurately cancel both the harmonic and 

reactive power components of the nonlinear load current. 
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5.1. Measurement and Clarke Transformation 

The first phase is to measure the Three-Phase Line 

Voltages (𝑉𝐿𝑎𝑏𝑐) and Current (𝐼𝐿𝑎𝑏𝑐). Next, these 

measurements can be converted from a three-phase system to 

an orthogonal reference plane in a stationary state (α – β) by 

means of the Clarke transform. The α-β conversion transforms 

the three-phase system into a two-axis system that allows for 

the instantaneous analysis of power and the implementation of 

digital control strategies.  

abc

ab

abc

ab

VLabc

ILabc

Va

Vb

Ia

Ib

Vc*

Vc

x{t} y{t}

ANN

Sh1

Sh3

Sh4

Sh5

Sh6

Va

Ia

Vb

Ib

Vb

Ia

Va

Ib

P

Q

LPF

P

Va

Vb

Vb

Q

P

Q

Va

Va

Vb

u
2

u
2

1

Pa

Pb

abc

ab

Ish

Ish

*

Hysteresis 

Current 

Controller 

Sh2

 
Fig. 11 Control design of active power filter DSTATCOM 
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Similarly, the Clarke transformation is used to convert the 

three-phase load currents from the ABC reference frame to the 

stationary α–β reference frame as 

[
𝐼𝛼
𝐼𝛽

] = √
2

3
[
1 −

1

2
−

1

2

0
√3

2
−

√3

2

] [

𝐼𝑎
𝐼𝑏
𝐼𝑐

] (64) 

This transformation reduces the three-phase system into a 

two-dimensional stationary reference frame, thereby 

simplifying the computation of instantaneous power 

quantities. 

In the α–β reference frame, the instantaneous real and 

reactive power components are calculated using the 

instantaneous power theory as 

𝑃 = 𝑉𝛼𝐼𝛼 + 𝑉𝛽𝐼𝛽 (65) 

 𝑄 = 𝑉𝛽𝐼𝛼 + 𝑉𝛼𝐼𝛽 (66) 

Where Q stands for the instantaneous reactive power and 

P for the instantaneous active power. Under nonlinear and 

unbalanced loading conditions, these power components 

consist of both DC (fundamental) and AC (oscillating) 

components. The oscillating components are associated with 

current harmonics and reactive power demand, which must be 

compensated by the D-STATCOM. 

5.2. Low-Pass Filtering 

To isolate the fundamental component of power, the 

instantaneous active power signal is passed through a first-

order Low-Pass Filter (LPF) given by 

𝐿𝑃𝐹(𝑠) =
𝜔𝑐

𝑠+𝜔𝑐
  (67) 

Where 𝜔𝑐 is the filter’s cutoff angular frequency. The 

average (fundamental) active power Pf is represented by the 

filtered output, while the oscillating component is found as 

𝑃
~

= 𝑃 − 𝑃𝑓 (68) 

The load’s fundamental active power is represented by 

the DC component, while the harmonic-related power that the 

D-STATCOM must correct for is represented by the AC 

component. 

5.3. ANN-Based Reference Signal Generation 

The proposed ANN controller adaptively generates the 

reference compensation signal based on real-time system 

conditions. The ANN receives the DC-link voltage error. 

𝑒𝑣 = 𝑉𝑐
∗ − 𝑉𝑐 (69) 

and its derivative 

𝑒
.

𝑣 =
𝑑

𝑑𝑡
(𝑉𝑐

∗ − 𝑉𝑐) (70) 
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As input signals. Based on these inputs, the ANN 

produces the reference DC-link control signal and 

compensating power component as 

𝑃𝑑𝑐 = 𝑓𝐴𝑁𝑁(𝑒𝑣 , 𝑒
.

𝑣) (71) 

Where 𝑓𝐴𝑁𝑁(⋅) represents the nonlinear mapping learned 

by the neural Network through adaptive weight tuning. The 

ANN effectively captures the nonlinear dynamics of the 

system, enabling fast DC-link voltage regulation, dynamic 

harmonic suppression, and accurate reactive power 

compensation. 

5.4. Reference Compensation Current Calculation 

Based on the instantaneous power theory, the 

compensating reference currents in the α–β reference frame 

are calculated as 

[
𝐼𝑠ℎ𝛼
∗

𝐼𝑠ℎ𝛽
∗ ] =

1

𝑉𝛼
2+𝑉𝛽

2 [
𝑉𝛼 𝑉𝛽

−𝑉𝛽 𝑉𝛼
] [𝑃

~

− 𝑃𝑑𝑐

𝑄
] (72) 

In this case, Q stands for the instantaneous reactive power 

and 𝑃
~

 for the oscillatory component of active power. These 

values establish the reactive power demand of the nonlinear 

load and the compensatory current needed to remove 

harmonic currents. To guarantee balanced and sinusoidal 

source currents, the reference compensating currents in the 

three-phase abc frame are then acquired for each phase. 

5.5. Inverse Clarke Transformation 

The inverse Clarke transformation is used to convert the 

compensatory current references in the α–β frame back into 

the three-phase ABC frame as 

[

𝐼𝑠ℎ𝑎
∗

𝐼𝑠ℎ𝑏
∗

𝐼𝑠ℎ𝑐
∗

] =

[
 
 
 

1 0

−
1

2

√3

2

−
1

2
−

√3

2 ]
 
 
 

[
𝐼𝑠ℎ𝛼
∗

𝐼𝑠ℎ𝛽
∗ ] (73) 

These reference currents are supplied to the current 

controller for generating appropriate inverter switching 

signals. 

5.6. Hysteresis Current Controller 

The hysteresis current controller ensures that the actual 

compensating current is maintained. 𝐼𝑠ℎ follows the reference 

current 𝐼𝑠ℎ
∗  within a specified hysteresis band. The 

instantaneous current error is expressed as: 

𝑒(𝑡) = 𝐼𝑠ℎ(𝑡) − 𝐼𝑠ℎ
∗ (𝑡) (74) 

The switching logic is as follows: 

 If 𝑒(𝑡) > +h: turn OFF the upper switch of the inverter 

leg. 

 If 𝑒(𝑡) < −h: turn ON the upper switch of the inverter leg. 

 

Here, h is the hysteresis bandwidth. This controller offers 

fast dynamic Response and maintains nearly constant 

switching frequency, ensuring rapid compensation of 

harmonic currents in real Time. 

6. Design of the ANN Controller for Z-Source 

Inverter and DSTATCOM 
An Artificial Neural Network controller was developed 

for regulating the dc-link voltage of the ZSI, as well as 

enhancing the ability of the DSTATCOM to compensate for 

variations in both grid and load conditions. The ANN 

controller is used in place of a traditional PI controller to 

provide faster dynamic Response, to improve the ANN’s 

ability to handle nonlinearities adaptively, and to provide 

better harmonic compensation. The designed ANN has three 

layers, which are defined as follows: an output layer that gives 

a single neuron output signal, two hidden layers with five 

neurons each, and an input layer with three neurons, as shown 

in Figure 14. The ANN is a multi-layer feed-forward network, 

and the representation of the network structure can be denoted 

by [3, 5, 1]. The ANN network was trained utilizing the 

Levenberg-Marquardt (LM) optimization algorithm because it 

is able to converge rapidly and to maintain low errors [34, 35]. 

 
Fig. 12 Design of a backpropagation network to provide a standard 

reference signal 

6.1. Input and Output Selection 

The ANN controller receives three normalized input 

parameters: 

𝐼 = [𝑒(𝑡), 𝑒̇(𝑡), 𝑒𝑖𝑛𝑡(𝑡)]
𝑇 (75) 

Where 

𝑒(𝑡) = 𝑉𝑑𝑐_𝑟𝑒𝑓 − 𝑉𝑑𝐶  (76) 

is the instantaneous voltage error, 

𝑒̇(𝑡) =
𝑑𝑒(𝑡)

𝑑𝑡
  (77) 

is the derivative of the error, and 
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𝑒𝑖𝑛𝑡(𝑡) = ∫ 𝑒(𝑡) ⅆ𝑡 (78) 

is the accumulated error component. 

The output of the ANN controller, denoted by u(t), serves 

as the control signal for: 

 Modifying the Z-source inverter’s modulation index M 

and shoot-through duty ratio DST to control DC-link 

voltage. 

 Generating the compensating current reference 𝐼sh
∗  for 

DSTATCOM to mitigate harmonics and reactive power 

at the grid interface. 

𝑢(𝑡) = 𝑓𝐴𝑁𝑁(𝐼) ⇒ {𝐷𝑆𝑇,𝑀, 𝐼sh
∗ } (79) 

6.2. Network Structure and Transfer Function 

The network output is formulated as: 

𝑢(𝑡) = 𝑓0 (∑ 𝑤𝑜𝑗𝑓ℎ (∑ 𝑤𝑗𝑖𝐼𝑖
3

𝑖=1
+ 𝑏𝑗)

5

𝑗=1
+ 𝑏𝑜) (80)    

Where 𝑓(𝑥) = tanℎ(𝑥) is the tangent-sigmoid activation 

function in the hidden layer, 𝑓𝑜(𝑥) = 𝑥 is the linear activation 

function in the output layer, wji and woj represent the 

connection weights, and 𝑏𝑗, 𝑏𝑜 denote the respective bias 

terms. The input signals are normalized within a defined range 

using: 

𝐼𝑛𝑜𝑟𝑚 =
𝐼−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛
  (81) 

6.3. Training Process 

The ANN is trained with the input–output dataset 

obtained from system dynamics under various operating 

conditions. The objective is to minimize the Mean Squared 

Error (MSE) between the predicted output 𝑇
^

 and the target 

output T: 

𝐸 =
1

𝑁
∑ (𝑇𝑘 − 𝑇̂𝑘)

2
𝑁

𝑘=1
 (82) 

The LM algorithm updates the weight vector iteratively 

as: 

𝑤𝑘+1 = 𝑤𝑘 − [𝐽𝑇𝐽 + 𝜇𝐼]−1𝐽𝑇𝑒 (83) 

Where J is the Jacobian matrix of partial derivatives, μ is 

the damping factor, and e is the instantaneous error vector. 

Training is conducted with the following parameters: 

 Epochs:1000 

 Performance goal:1 × 10−12 

 Training algorithm: LM (trainlm) 

Activation function: logsig, tansig, and purelin 

 
Fig. 13 MSE effect plot of the Artificial Neural Network (ANN) model 

 
Fig. 14 Structure of Neural Network 

6.4. Integration with Control System 

Once trained, the ANN replaces the conventional PI 

regulator in both control loops: 

1. Z-Source Inverter Loop: The ANN output uZSI(t) 

regulates the DC-link voltage by modulating DST and M 

to maintain a constant inverter input voltage under wind 

power fluctuations: 

𝑉𝑑𝐶
∗ = 𝑓𝐴𝑁𝑁(𝑒, 𝑒,̇ 𝑒𝑖𝑛𝑡) (84) 

2. DSTATCOM Loop: The ANN output u DSTATCOM(t) 

generates the reference compensating current 𝐼𝑠ℎ
∗  to 

minimize harmonic distortion and reactive power at the 

grid side: 

𝐼𝑠ℎ
∗ = 𝑓𝐴𝑁𝑁(𝑒, 𝑒̇) (85) 

After training, the optimized weights are fixed for real-

time operation. The ANN output dynamically adjusts the 

modulation index, shoot-through duty cycle (in ZSI), and 

compensating current (in DSTATCOM) to maintain constant 

DC-link voltage, unity power factor, and low harmonic 

distortion. 

7. Simulation Results and Discussion 
7.1. Dynamic performance of the Proposed ANN-Controlled 

Wind Energy System 

The evaluation of a grid-connected Wind Energy System 

integrated with ZSI, DSTATCOM, and an Adaptive ANN 

Controller was performed through MATLAB / Simulink 
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simulations over a time span of 0.5 seconds. The primary 

objective of the system was to maintain a DC link voltage of 

600 V; however, the DSTATCOM provided reactive power 

compensation and voltage support to the system, as shown in 

Figure 15.  

A PMSG was used to provide variable power generation 

based on changes in the wind speeds. Initially, between 0 and 

0.2 seconds, the PMSG generated 30 kW of electrical power 

under a wind speed of 12 m/s, and 10 kW of electrical power 

were delivered to the load, while 20 kW of electrical power 

were exported to the grid.  

The ANN-controlled inverter successfully maintained a 

stable supply of electrical power while regulating voltage. 

Upon a reduction of the wind speed from 12 m/s to 8 m/s at 

0.2 seconds, the generation of electrical power decreased 

(from 30 kW to 22 kW), resulting in a decrease in the amount 

of electrical power exported to the grid (from 20 kW to 12 

kW); however, the load remained at 10 kW.  

The ANN controller rapidly adjusted the inverter 

modulation index to compensate for this disturbance and 

minimize voltage deviations. During this time frame, the 

DSTATCOM provided reactive power support to uphold the 

stability of the voltage. Between 0.35 and 0.5 seconds, the 

wind speed returned to 12 m/s, increasing the electrical power 

generation of the PMSG to 30 kW.  

The ANN controller successfully restored the system to its 

steady state and increased the amount of electrical power 

exported to the grid to 20 kW, while maintaining a consistent 

DC link voltage.  

The simulation results indicate that the ANN controller 

significantly enhances the dynamic stability of the wind 

energy system, minimizes transient oscillations, and reduces 

the settling times when compared to traditional PI controllers. 

Overall, the integration of the ANN-controlled Z Source 

Inverter and DSTATCOM has resulted in the enhancement of 

the overall voltage regulation, balance of power delivery, and 

improved overall stability of the wind energy system under 

changing wind conditions. 
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Fig. 15 Simulation results of ANN-Based voltage regulation under wind 

speed variation 

7.2. ANN-Controlled Response under 50% Voltage Sag 

Condition 

Due to the fault condition imposed on the proposed grid-

connected wind energy system, there is a voltage sag of 

approximately 50% in the grid. The grid voltage and the load 

voltage are then reduced from 230V (nominal) to 

approximately 100V; the load current will be similarly 

reduced from 30A to 18A, and the load power will be reduced 

from 10kW to 2.5kW. The fault induces transient instability 

and an unbalanced flow of power from the wind generator to 

the inverter, to the grid. However, due to the inclusion of the 

adaptive ANN controller within this system, the dynamics of 

the system were greatly improved. The ANN controller 

provides compensation for voltage fluctuations via adjustment 

of the control signals for both the Z-source inverter and the 

DSTATCOM. The ANN-based controller provided rapid 

transient recovery and increased damping characteristics of 

the system, resulting in the rapid return of all system variables 

to normal after clearing of the sag, as shown in Figure 16. 

Thus, the proposed control strategy has demonstrated high 

levels of resiliency and maintained the overall stability of the 

system during fault-induced voltage sag conditions. 
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Fig. 16 Simulation results for grid voltage, load voltage, and load 

current during 50% Voltage sag condition with ANN control. 

7.3. Power Quality Performance without DSTATCOM 

The PMSG provides the electricity to the utility grid in 

the proposed grid-connected renewable wind energy system. 

The power quality of the grid is directly related to the amount 

of electricity being delivered by the wind generator to the grid. 

As the level of electricity being produced by the wind 

generator increases, the grid will have an improved level of 

voltage stability and less harmonic distortion than when it is 

producing lower levels of electricity. On the other hand, as the 

level of electricity being produced by the wind generator 

decreases, the power quality of the grid also deteriorates.  

However, when the wind generator produces large 

amounts of power under nonlinear load conditions, significant 

harmonic currents are injected onto the primary distribution 

lines, thus distorting the waveforms and degrading the power 

quality of the grid. A DSTATCOM is utilized as a shunt active 

power filter to reduce the harmonic distortions in the system 

and to improve the stability of the system, as shown in Figure 

17. Simulation studies were performed for two different 

operating conditions: first, without the DSTATCOM, and 

second, with the DSTATCOM. In the simulation without the 

DSTATCOM, when the wind speed was maintained at 12 m/s 

over the time interval 0-0.2 sec, the total harmonic distortion 

of the grid current was 12.96%. Additionally, the total 

harmonic distortion of the load current was 26.58%. 

Therefore, the presence of nonlinear loads caused significant 

harmonic distortion of the load current. When the wind speed 

decreased from 12 m/s - 8 m/s between time intervals of 0.2 

sec - 0.35 sec, the total harmonic distortion of the grid current 

increased to 19.43% due to the unbalance in the power transfer 

between the wind turbine and the electrical grid as well as the 

increase in harmonic content of the load current from the 

nonlinear load as shown in Figure 18. Furthermore, the 

nonlinear load continued to have a significant harmonic 

distortion of the load current. 

 

 

 
Fig. 17 Simulation results for the power quality performance of grid 

current without DSTATCOM 

 
(a) 
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(b) 

 
(c) 

Fig. 18 Grid Current THD performance without DSTATCOM under 

wind speeds of (a) 12 m/s, (b) 8 m/s, and (c) Load Current THD. 

7.4. Power Quality Performance with DSTATCOM 

The DSTATCOM installed with the grid-connected wind 

energy system provided significantly better power quality than 

the system without the DSTATCOM, as shown in Figure 15.  

The THD for grid currents was only 2.66% when the wind 

turbine operated at its rated speed of 12 m/s; this indicates that 

the DSTATCOM was successfully mitigating harmonics 

introduced into the system at the PCC, as shown in Figure 19.  

The THD of the load currents was measured at 26.58% 

due to the presence of nonlinear loads in the system. With a 

decrease in wind speed from 12 m/s to 8 m/s, the THD of the 

grid currents increased slightly to 4.54%, as shown in Figure 

20. However, these values are well below the THD limit 

established in IEEE-519. Therefore, the DSTATCOM 

effectively prevented the propagation of harmonic distortion 

introduced from the nonlinear load side into the grid; 

supported the voltage level; and ensured high-quality grid 

currents with varying wind speeds and nonlinear loads. 

 

 

 
Fig. 19 Simulation results for the power quality performance of grid 

current with DSTATCOM 

Table 2. Comparison of DC-link voltage response using ANN and PI 

controllers 

Parameters ANN PI 

Rise Time (µs) 5.79 11.055 

Settling Time (s) 0.0080 0.0610 

Peak Time (s) 0.0051 0.0088 

Overshoot Time (ms) 40.6926 50.1882 

Peak Voltage (V) 843.9345 899.863 

 

 
(a) 



Rajesh K & Suresh Babu Daram / IJEEE, 13(3), 178-199, 2026 

197 

 
(b) 

 
(c) 

Fig. 20 Grid current THD performance with DSTATCOM under wind 

speeds of (a) 12 m/s, (b) 8 m/s, and (c) Load current THD. 

8. Conclusion  
The proposed ANN-controlled Wind Energy System, 

utilizing a ZSI and a DSTATCOM, offers better performance 

in terms of Power Transfer and Quality. Utilizing the ZSI 

allows for DC-link voltage boosting during AC conversion 

within one stage, resulting in lower system complexity, lower 

DC link voltage ripple, and reduced component stress, 

allowing for efficient power transfer from the PMSG to the 

grid.  

The adaptive ANN controller provides a faster dynamic 

response than conventional control methods and reduces 

transients by minimizing oscillation, resulting in faster settling 

times; thus, it maintains the DC-link voltage and operates 

smoothly regardless of wind speed and loading variations.  

The DSTATCOM is also able to reduce harmonic 

distortion from nonlinear loads, which results in a reduction 

of the THD of the grid current from 12.96% at nominal wind 

speed to 2.65% and from 19.43% at reduced wind speed to 

4.54%.  

At 50% sag, the system maintains voltage and power 

levels, limits the impact of the sag on both load current and 

load power, and returns quickly to normal operating 

conditions.  

The combination of the Z-source inverter, ANN-based 

control, and DSTATCOM creates a method for providing 

maximum extraction of power from the wind, provides robust 

grid support, enhances power quality, and ensures reliable 

operation of the wind system under both normal and faulted 

operating conditions. 
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