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Abstract This paper presents the design and parametric optimization of a low-speed synchronous generator with an integrated magnetic multiplier. The study aims to reduce the size and mass of the generator while maintaining the required rated power output of 500 kW. A parametric mathematical model was developed using COMSOL Multiphysics® software, allowing variation of key parameters such as the number of stator and rotor poles, rotor diameters, and the thickness of permanent magnets. Optimization was performed based on achieving the target power output with minimal dimensions and material consumption. A 3D model of the generator was created in Compass 3D, and the manufacturability of the proposed design was analyzed. The results show that the new generator design can effectively replace conventional gearbox-driven systems in wind turbines without significant modifications to the nacelle structure. The proposed direct-drive generator reduces mechanical complexity, improves reliability, and provides efficient performance for renewable energy applications.
INTRODUCTION
[bookmark: _Hlk209445788]The growing demand for renewable energy sources has significantly increased interest in the development of efficient and reliable wind power systems. Conventional wind turbines typically employ a gearbox to match the low rotational speed of the turbine blades with the higher rotational speed required by standard generators. However, gearboxes are known to be mechanically complex, prone to failures, and costly in terms of maintenance. These drawbacks have encouraged researchers and engineers to explore direct-drive solutions that eliminate the need for gearboxes while ensuring high efficiency and durability [1-3].
One of the promising approaches is the use of synchronous generators with integrated magnetic multipliers. Such generators enable the conversion of mechanical energy into electrical energy at low rotational speeds, reducing the overall size of the nacelle while maintaining the required output power [4-7]. Magnetic multipliers are advantageous because they minimize mechanical losses, enhance system reliability, and simplify the overall construction of the drive train.
Recent studies have shown that parametric optimization plays a critical role in achieving efficient designs of electrical machines. By systematically adjusting design variables such as the number of poles, rotor diameters, and permanent magnet dimensions, it is possible to improve both the power density and the torque performance of the machine. Simulation tools like COMSOL Multiphysics® provide a powerful platform for modeling, testing, and refining such systems under various operating conditions [8-12].
This research focuses on the design and optimization of a low-speed synchronous generator with an integrated magnetic multiplier. The primary objective is to achieve a rated output power of 500 kW while reducing the weight and volume of the generator. The optimized generator is then compared with a conventional gearbox–generator system in order to demonstrate its advantages for wind turbine applications [13-16]. The study further evaluates manufacturability and highlights the potential of the proposed design as a reliable alternative for renewable energy systems [17-19].
METHODOLOGY
Based on the analysis of existing publications, the main features of the new type of generator were identified, which allowed the development of its parametric mathematical model in COMSOL Multiphysics®. By repeatedly varying the number of poles on the stator and rotor, rotor diameters, and the thickness of permanent magnets, the design was optimized to achieve the specified output power of 500 kW while keeping the overall weight and size to a minimum [20-24]. For the improved configuration, a new winding connection scheme was selected (Figure 1).
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FIGURE 1. Generator winding diagram

The distribution of current density across the windings was then simulated (Figure 2), and the optimal parameters of the magnetic system were obtained. The results of the magnetic field calculations confirmed that the modified design can provide the required power characteristics (Figures 3–4). The main parameters of the optimized magnetic system are presented in Table 1.
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FIGURE 2. Distribution of current density across the windings of the machine model
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	FIGURE 3. COMSOL Multiphysics® computer model – magnetic induction in the elements of the magnetic system (T) as a function of the rotor rotation angle α (degrees) 
a) α = 0° – Initial position of the rotor, b) α = 2° – Early stage of rotor rotation, c) α = 3° – Intermediate rotation angle, d) α = 5° – Advanced rotor position
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FIGURE 4. COMSOL Multiphysics® computer model – magnetization (A/m) as a function of the rotor rotation angle α (degrees)
a) α = 0° – Initial rotor position, b) α = 2° – Beginning of rotor displacement, c) α = 3° – Transition phase of magnetic flux redistribution, d) α = 5° – Final stage of the transition
TABLE 1. Parameters of the mathematical computer model of the generator
	Parameter
	Value

	Outer diameter of the generator stator, Dr
	1000 mm

	Length of the generator, Lr
	1500 mm

	Angular speed of the low-speed shaft, nr
	23 rpm

	Maximum torque of the generator, Mmax2
	224.4 kN·m

	Specific torque per unit mass of magnets, Mnm
	157.2 N·m/kg

	Specific torque per unit volume of the magnetic system, M*
	190.5 kN·m/m³

	Maximum torque of the multiplier, M′
	241.7 kN·m

	Maximum power of the generator, PM
	540.5 kW

	RMS value of current density in the stator slots, J
	2.12 A/mm²



The generator was developed as a synchronous electrical machine without excitation, incorporating permanent magnets on the inner rotor, multiple pole pairs on the stator, and a steel segment modulator. To ensure effective cooling, a fan was mounted on the unused high-speed rotor, functioning as an air-cooling system. The direction of magnetization of the permanent magnets is shown in Figure 5.
Based on the simulation results, a three-dimensional model of the generator was created in Compass 3D software. Both cross-sectional (Figure 6) and longitudinal (Figure 7) drawings were prepared to analyze the internal arrangement of the components. During manufacturability analysis, it was determined that most of the machine elements are standard and can be produced using conventional techniques. The only non-standard part is the magnetic modulator, but its production does not require any special equipment. The final external view of the designed model is presented in Figure 8.
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	FIGURE 5. Drawing of the designed generator in cross section
	FIGURE 6. Drawing of a fragment of the machine’s magnetic system
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	FIGURE 7. Drawing of the designed generator in longitudinal section
	FIGURE 8. Final external view of the 3D model of the generator


DISCUSSION
The results of the parametric optimization carried out in COMSOL Multiphysics® demonstrate the effectiveness of the proposed low-speed synchronous generator with an integrated magnetic multiplier. The optimized parameters indicate that the generator is capable of delivering up to 540.5 kW, which exceeds the nominal design requirement of 500 kW. This margin ensures reliable operation under variable wind conditions and highlights the robustness of the design.
The analysis of electromagnetic behavior shows that the developed configuration maintains stable flux distribution and magnetization across the entire rotor rotation range. This confirms efficient utilization of the magnetic circuit, minimizing energy losses and ensuring high conversion efficiency. The chosen winding connection scheme further enhances performance by balancing current density within the stator slots, thereby reducing overheating risks and extending machine lifetime.
From a structural perspective, the generator design demonstrates clear manufacturability advantages. Most of the machine’s components are standard, which simplifies production and reduces overall cost. The only non-standard component is the magnetic modulator, but it can still be fabricated using conventional machining processes without requiring highly specialized equipment.
A comparative evaluation against a conventional gearbox–generator system shows that the new direct-drive solution reduces space requirements inside the nacelle, decreases mechanical complexity, and eliminates maintenance challenges typically associated with gearboxes. Despite its more compact design, the generator fully supports the rated power capacity, thereby offering both technical and economic benefits.
Overall, the findings confirm that the developed generator not only meets the required performance specifications but also enhances efficiency, reliability, and long-term maintainability. This demonstrates the high potential of integrated magnetic multiplier systems for application in medium-scale wind power plants, providing a practical and effective alternative to traditional gearbox-driven systems.
CONCLUSION
This study presented the design, modeling, and parametric optimization of a synchronous generator with an integrated magnetic multiplier intended for use in a 500 kW wind turbine system. Using COMSOL Multiphysics®, a mathematical model was developed, and key design parameters such as pole numbers, rotor diameters, and permanent magnet thickness were optimized. The simulation results demonstrated that the generator achieves a maximum power of 540.5 kW, exceeding the nominal requirement and ensuring stable operation under varying wind conditions.
A significant outcome of the work is the reduction in overall nacelle space requirements compared to traditional gearbox–generator systems. The designed generator eliminates the need for a mechanical gearbox, thereby reducing maintenance costs, mechanical complexity, and potential failure risks. Additionally, the analysis of the magnetic system confirmed efficient flux utilization and balanced current density distribution, which enhance both performance and durability.
From a manufacturability perspective, the majority of the generator’s components are based on standard industrial designs, with the exception of the modulator, which can still be produced without advanced equipment. This ensures that the proposed design can be implemented in practice without excessive production challenges.
In summary, the integration of the optimized low-speed generator into the T 600-48 wind turbine proves its viability as a replacement for conventional systems. The results highlight the potential of this approach for improving the efficiency, reliability, and cost-effectiveness of medium-scale wind power plants. Future work should focus on experimental validation of the proposed model and evaluation of its performance under real operational conditions.
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