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ABSTRACT 

Wind energy is one of the fastest-growing renewable energy sources, 
playing a significant role in modern power systems. This paper 
presents a comprehensive investigation of a grid-connected Doubly 
Fed Induction Generator (DFIG)-based hybrid wind-photovoltaic 
(PV) energy system, including system configuration, power 
converters, and control strategies. An adaptive droop control strategy 
is implemented in the grid-side converter (GSC) to achieve effective 
frequency regulation and enhance microgrid stability under varying 
operating conditions. The proposed system also incorporates 
Maximum Power Point Tracking (MPPT) and DC-link voltage 
regulation to ensure efficient energy extraction and stable operation. 
A modified PV-DFIG configuration is employed, where PV power is 
injected into the grid through both rotor-side and grid-side 
converters, eliminating the need for an additional PV converter and 
improving system efficiency. The coordinated control approach 
enables simultaneous regulation of DC-link voltage, system 
frequency, and power flow. The system is modeled and simulated in 
MATLAB/Simulink using dynamic equations in multiple reference 
frames. Simulation results demonstrate improved voltage, current, 
frequency response, and power characteristics, validating the 
effectiveness of the proposed control strategy for enhanced stability 
and performance of hybrid renewable energy systems. 
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I. INTRODUCTION 

Renewable energy is obtained from natural resources 
such as solar, wind, wave, and geothermal energy. 
These resources are renewable and can be naturally 
replenished. In contrast to the depletion of 
conventional fossil fuels [1], these energy sources are 
considered sustainable and inexhaustible. The global 
energy crisis has accelerated the development and 
adoption of clean and renewable energy technologies 
[2]. In addition, environmental concerns related to 
greenhouse gas emissions from fossil fuel combustion 
have further emphasized the need for renewable 
energy sources, which are cleaner and have minimal 
impact on pollution. 

A solar cell or panel consists of a configuration of 
solar cells interconnected in series or parallel to  

 
provide the required voltage and current. Solar 
photovoltaic (PV) systems convert solar energy into 
electrical energy and are widely used in residential, 
commercial, and remote applications. In a typical PV 
system, solar panels generate DC power, which is then 
converted into grid-compatible AC power using an 
inverter. Various protection and control devices are 
incorporated to ensure safe and reliable operation. 

Energy storage systems, such as batteries, play an 
important role in renewable energy systems by storing 
excess energy generated during peak conditions and 
supplying it during periods of low generation. Solar 
power systems are commonly used in applications 
such as weather stations, communication systems, 
rural electrification, and standalone power systems. 
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The performance of solar cells is governed by 
semiconductor physics, particularly the band gap, 
which determines their efficiency in converting solar 
radiation into electrical energy. 

Wind energy is another major renewable energy 
source, where wind turbines convert the kinetic energy 
of wind into mechanical energy and subsequently into 
electrical energy using generators. The turbine 
consists of blades, a rotor hub, a gearbox, and a 
generator. The mechanical energy captured from wind 
is transmitted through the drive train to the generator, 
which produces electrical power. The generated power 
is then stepped up using transformers and supplied to 
the grid. Additional components such as anemometers 
and wind vanes are used to measure wind speed and 
direction, enabling efficient operation and control of 
the turbine. 

However, the integration of renewable energy sources 
such as solar and wind into the grid introduces 
challenges due to their intermittent and variable 
nature. These challenges include maintaining voltage 
stability, power quality, and frequency regulation in 
the power system. To address these issues, advanced 
power electronic converters and control strategies are 
required. 

Doubly Fed Induction Generator (DFIG)-based wind 
energy conversion systems are widely used due to 
their capability of variable speed operation and 
independent control of active and reactive power. 
However, maintaining system stability and frequency 
regulation remains a significant challenge, especially 
in weak grid or microgrid conditions. 

To overcome these challenges, Battery Energy 
Storage Systems (BESS) are integrated to provide fast 
dynamic response and support grid stability. In 
addition, advanced control strategies such as droop 
control are employed to regulate system frequency 
and improve overall stability. 

In this work, an adaptive droop control strategy is 
proposed for a grid-connected DFIG-based hybrid 
wind-PV system integrated with BESS. The proposed 
approach aims to enhance frequency regulation, 
improve system stability, and ensure efficient power 
management under varying operating conditions. 

II. PROPOSED SYSTEM  

This research proposes a grid-connected Doubly Fed 
Induction Generator (DFIG)-based hybrid wind-
photovoltaic (PV) energy system integrated with a 
Battery Energy Storage System (BESS) for power 
smoothing and enhanced stability. The rotor position 
estimation is carried out using a rotor position 
calculation technique to ensure accurate control of the 
system. 

The main novelty of this work lies in the 
implementation of an adaptive droop control strategy 
in the Grid Side Converter (GSC), which enables 
effective frequency regulation and regulated power 
injection into the grid. The GSC is responsible for 
maintaining DC-link voltage stability and controlling 
the power exchange between the system and the grid, 
while the Rotor Side Converter (RSC) ensures 
maximum power extraction from the wind turbine 
through appropriate control of rotor currents. 

The integration of BESS plays a crucial role in 
improving system performance by storing excess 
energy during high generation periods and supplying 
power during low generation conditions, thereby 
enhancing system reliability and dynamic response. 

The performance of the proposed system is evaluated 
by comparing it with a conventional DFIG-based 
system under varying wind speed conditions. The 
results demonstrate improved power regulation, 
enhanced frequency stability, and better dynamic 
performance. The system operation is validated 
through simulations carried out under different 
operating conditions, both with and without solar 
integration. 

 
Figure 1: Proposed Simulink Model 
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III. Simulation Result 

The effectiveness of the proposed adaptive droop control strategy is validated through simulation by analyzing 
the system response under varying operating conditions. The photovoltaic panel, wind turbine, and Doubly Fed 
Induction Generator (DFIG) system are modeled and simulated using MATLAB/Simulink (R2019b), and the 
results are presented below. 

A comprehensive electromechanical model of the grid-connected DFIG-based wind energy conversion system 
integrated with a Battery Energy Storage System (BESS) is developed. The system is analyzed under both grid-
connected and standalone operating conditions. The model includes detailed representations of the generator, 
converters, control systems, and energy storage components. 

The boost converter is employed to regulate and enhance the DC-link voltage obtained from the photovoltaic 
system, ensuring proper voltage levels for grid integration. The control strategy effectively manages power flow, 
maintains DC-link voltage stability, and supports frequency regulation through the Grid Side Converter (GSC). 

Simulation results demonstrate the dynamic performance of the system in terms of voltage, current, frequency 
response, and both active and reactive power. The proposed system shows improved power quality, stable 
operation, and enhanced frequency regulation capability under varying operating conditions. 

 
Figure 2: Input Voltage and Current 

 
Figure 3: Grid Voltage and Current 

Figure 4 showing the Grid Voltage and Current waveform, during simulation grid voltage generate 230v 
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Figure 4: Battery Output 

Figure 5: Battery Output showing with soc and battery voltage and current waveform ,battery charge upto 97 % 
at discharge after 97%, State of charge (SoC) is the level of charge of an electric battery relative to its 

capacity. The units of SoC are percentage points (0% = empty; 100% = full). 

 
Figure 5: DC Machine Output 

Figure 6: DC Machine Output rpm, armature current and load voltage, the stator consists of field windings while 
the rotor (also called the armature) consists of an armature winding. When both the armature and the field 
windings are excited by a DC supply, current flows through the windings and a magnetic flux proportional to the 
current is produced 
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Figure 6: Battery Charging and Discharging States 

Figure 7 showing the Battery Charging and Discharging States ,battery discharge at 0% and charging at 100%, 
The direction of current through the battery determines whether it is charging or discharging. The battery is trying 
to push current in a particular direction. If the current flows in that direction, the battery is discharging. If the 
current flows in the other direction, the battery is charging. 

 
Figure 7: Inverter Current and Voltage 

Figure 8 showing the three phase Inverter Current and Voltage, A three-phase inverter converts a DC input into a 
three-phase AC output. Its three arms are normally delayed by an angle of 120° so as to generate three-phase AC 
supply. The inverter switches each has a ratio of 50% the maximum power point tracker is an electronic DC to DC 
converter that optimizes the match between the solar array (PV panels), and the battery bank or utility grid. 
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Simulation Result with Solar and DFIG 

 
Figure 8: MPPT Control 

 
Figure 9: Input Voltage and Current 

 
Figure 10: Load Voltage and Current 
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the amount of current" drawn by the thing that is connected to the output of the circuit. The actual power 
supply voltage that can be used when switching a load or continuously in an OFF state. The actual power 
supply voltage that can be used when switching a load or continuously in an OFF state. 

 
Figure 11: Battery Output 

Fig 11 showing the battery output ,Power capacity is how much energy is stored in the battery. 

 
Figure 12: Real Power and Reactive Power 

The active power is the real power consumes by the load. Whereas, the reactive power is the useless power. The 
active power is the product of the voltage, current and the cosine of the angle between them. Whereas, the 
reactive power is the product of voltage and current and the sine of the angle between them. 
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Figure 13: Phase Instantaneous Active and Reactive Power 

 
Figure 14: Grid Voltage and Current 
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Figure 14: DFIG Voltage and Current 

The DFIG consists of a 3 phase wound rotor and a 3 phase wound stator. The rotor is fed with a 3 phase AC 
signal which induces an ac current in the rotor windings. 

 
Figure 16: Bidirectional Inverter Current and Voltage 

The bidirectional DC-AC inverter transfers power from the DC stage to the connected AC grid while the DC 
loading requirement is small. Or, the inverter transfers the power from the connected AC grid to the DC stage if 
the DC energy is insufficient for the DC loading requirement. 
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Figure 17: with solar thd 

 
Figure 18: Without solar THD 

Table 1 showing the comparison result in between proposed wok and exiting work, solar irradiance and grid 
power compare with the existing work, in the proposed work grid power showing higher as compare to existing 
work 

Table 1 Power comparison with existing work 

 Technique Solar Irradiance Grid power 

Proposed system MPPT, P& O 1000 rad/S 20 KW 
Existing system Predictive MPPT 1000 rad/S 15 W 

Table 2 THD comparison With Solar and without solar 

MODEL THD 
With Solar 1.01 

Without Solar 1.32 

Table 2 Showing The THD Comparison With And Without Solar, In The Proposed System Two Model Designed 
As DFIG With Solar And DFIG Without Solar, With Solar THD Showing Better As Compare To Without Solar. 
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IV. CONCLUSION  

This research presents an effective approach for 
frequency regulation in a microgrid using a Doubly 
Fed Induction Generator (DFIG)-based hybrid 
renewable energy system. An adaptive droop control 
strategy is implemented in the Grid Side Converter 
(GSC) in coordination with a Battery Energy Storage 
System (BESS) connected to the DC link of the back-
to-back converter. 

The proposed control strategy successfully maintains 
system frequency under disturbance conditions while 
ensuring maximum power extraction from the wind 
turbine. The integration of BESS provides fast 
dynamic support, enabling improved frequency 
regulation, reduced response time, and enhanced 
frequency stability in both super-synchronous and 
sub-synchronous operating modes. 

Furthermore, the BESS contributes to DC-link voltage 
regulation and efficient energy management. During 
super-synchronous operation, excess energy is stored 
in the battery, while during sub-synchronous 
operation, the stored energy is supplied to maintain 
system stability. 

Overall, the simulation results demonstrate that the 
proposed adaptive droop control strategy significantly 
improves system stability, frequency regulation, and 
overall performance of grid-connected DFIG-based 
hybrid wind-PV microgrid systems. 
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