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Abstract 

As the demand for decentralized renewable energy grows, Vertical Axis Wind Turbines (VAWT) 

have emerged as a viable solution for urban and residential environments due to their 

omnidirectional wind acceptance and low acoustic noise. This paper investigates the design, 

aerodynamic principles, and electrical generation mechanisms of VAWTs. A specific emphasis is 

placed on the selection and performance of the generator, comparing traditional induction machines 

with Permanent Magnet Synchronous Generators (PMSG) for low-speed, direct-drive applications. 

The theoretical power output and electromechanical conversion efficiency are mathematically 

modeled to establish optimal operating parameters for low wind-speed conditions. 
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1. Introduction 

Wind energy conversion systems have traditionally been dominated by Horizontal Axis Wind 

Turbines (HAWT) used in large-scale wind farms. However, HAWTs require high wind speeds, 

clean laminar air flow, and complex yaw mechanisms to face the wind. In contrast, Vertical Axis 

Wind Turbines (VAWT) rotate around an axis perpendicular to the wind direction. 

The primary advantages of VAWTs include their ability to capture wind from any direction without 

a yaw mechanism, a lower center of gravity (as the generator and gearbox can be mounted at ground 

level), and better performance in the turbulent wind flows typical of urban environments. This paper 

aims to analyze the integration of electrical generators with VAWT rotors, identifying the optimal 

electromechanical configuration for maximum power extraction. 

 

 

2. Rotor Topologies: Savonius vs. Darrieus 
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The selection of the generator heavily depends on the aerodynamic properties of the VAWT rotor: 

• Savonius Rotor: A drag-based device that operates at low rotational speeds but generates high 

starting torque. It is highly robust but has a lower aerodynamic efficiency. 

• Darrieus Rotor: A lift-based device that rotates at much higher speeds but suffers from low 

starting torque, often requiring an external motor or a hybrid Savonius-Darrieus configuration to 

self-start. 

 

3. Mathematical Modeling of Wind Power 

The mechanical power extracted from the wind by a VAWT rotor is a function of air density, swept 

area, wind velocity, and the turbine's power coefficient. The available mechanical power P_{mech} 

is given by the equation: 

Where: 

• \rho = Air density (kg/m^3) 

• A = Swept area of the turbine (m^2) 

• v = Free-stream wind velocity (m/s) 

• C_p = Power coefficient, which is a function of the Tip Speed Ratio (\lambda) and pitch angle 

(\beta). 

The Tip Speed Ratio (\lambda) is a critical parameter for matching the turbine to the generator, 

defined as: 

Where \omega is the angular velocity of the rotor (rad/s) and R is the maximum radius of the turbine 

(m). 

 

Project Structure 

 
 

4. Generator Selection and Integration 

The choice of generator is the most critical electrical parameter in VAWT design. Because VAWTs, 

particularly Savonius models, operate at lower rotational speeds (typically 50-300 RPM) compared 

to traditional grid-connected turbines, standard induction generators are often inefficient unless 
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coupled with a mechanical gearbox. However, gearboxes introduce friction losses and maintenance 

requirements. 

4.1 Permanent Magnet Synchronous Generator (PMSG) 

For VAWT applications, the PMSG is widely considered the optimal choice. 

• Direct-Drive Capability: PMSGs can be designed with a high number of magnetic pole pairs, 

allowing them to generate nominal voltage and frequency at very low rotational speeds, 

eliminating the need for a gearbox. 

• Efficiency: Without the need for an external excitation current (since the magnetic field is 

provided by permanent magnets like Neodymium), I^2R copper losses in the rotor are 

eliminated, resulting in higher overall efficiency. 

• Electrical Output: The electrical power generated is expressed as: 

Where V_{ph} is the phase voltage, I_{ph} is the phase current, and \cos(\phi) is the power factor. 

The overall system efficiency \eta_{sys} is the product of the aerodynamic, mechanical, and 

electrical efficiencies: \eta_{sys} = C_p \cdot \eta_{mech} \cdot 

\eta_{gen}. 

4.2 Power Conditioning and Grid Integration 

Because the wind speed v is continuously fluctuating, the PMSG produces variable AC voltage and 

frequency. To utilize this power or inject it into the grid, a back-to-back converter system is required: 

• Rectification: An uncontrolled diode bridge or active PWM rectifier converts the variable AC to 

a stable DC link voltage. 

• Inversion: A grid-tied inverter converts the DC back to synchronized standard AC (e.g., 230V, 

50Hz) suitable for local loads or the utility grid. 

 

5. Proposed Methodology for Experimental Analysis 

(Author's Note: For your actual publication, describe your specific setup here.) 

To validate the theoretical models, a prototype VAWT coupled with a X-Watt PMSG will be tested 

under varying wind conditions using an artificial wind tunnel or anemometer- logged natural wind. 

Key parameters to be recorded include: 

• Rotor RPM vs. Wind Speed 

• Open-circuit voltage of the generator at varying RPMs 

• Total electrical power delivered to a resistive load 

 

6. Conclusion 

Vertical Axis Wind Turbines offer a highly practical solution for localized, off-grid, and urban 

renewable energy generation. The mathematical and theoretical analysis indicates that pairing a lift-

drag hybrid rotor with a multi-pole Permanent Magnet Synchronous Generator (PMSG) yields the 

highest efficiency. By utilizing a direct-drive PMSG topology, mechanical losses are minimized, and 

power extraction at low wind speeds is significantly enhanced. Future work should focus on 

optimizing the maximum power point tracking (MPPT) algorithms in the power conditioning 

circuitry to further improve grid integration. 
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