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ABSTRACT 

This article focuses on the dimensional optimization of a direct-drive surface 

permanent magnet synchronous generator (DD-SPMSG). The aim is to enhance the 

generator’s power factor and efficiency while maintaining the lowest possible mass. 

The proposed optimization approach initially identifies the geometric parameters that 

significantly affect the generator performance. Subsequently, a parametric 

optimization is conducted to establish the relationship between the desired objectives 

and the mass constraint. The optimal dimensional parameters are then determined. 

The electromagnetic performance of the optimized generator is also evaluated, 

demonstrating favorable characteristics and confirming its suitability for direct-drive 

energy conversion applications. 
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I.  INTRODUCTION 

The direct-drive permanent magnet synchronous generators (DD-PMSG) represents an effective solution to 

improve the reliability and efficiency of marine energy conversion systems, especially in offshore wind 

turbines. By eliminating gearboxes, these architectures reduce mechanical losses, vibrations, and noise 

levels, while also minimizing maintenance requirements. Designed to operate at low rotational speeds, these 

generators exhibit greater durability and operational lifespan, making them particularly suitable for remote 

and harsh environments. 

These generator topologies can be categorized based on both geometrical and magnetic considerations. 

Geometrically, the classification depends on the rotor structure, stator configuration, and permanent magnet 

arrangement. The rotor may be of inner-rotor or outer-rotor type, featuring surface-mounted, buried, or 

Halbach-array magnets. The stator design may be slotted or slot less, employing either concentrated or 

distributed windings. Magnetically, the generators are differentiated by the orientation of the main flux path, 

leading to radial-flux, axial-flux, and transverse-flux configurations, each offering distinct performance 

characteristics.  

The direct-drive radial-flux inner-rotor structure with surface-mounted permanent magnets and slotted 

stator is widely used in offshore wind turbines and other marine applications due to its high performance 
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over a wide speed range, simple construction, and structural stability [1, 2]. Internal rotor placement reduces 

noise and eccentricity faults [3], while the surface-mounted permanent magnets reduce mass and inertia [4]. 

Additional advantages include high torque density, low losses, high voltage, and efficient heat dissipation [5-

10]. However, achieving these characteristics requires careful sizing and optimization of this generator. 

Due to the multidisciplinary phenomena involved in electrical generators, their optimization is inherently 

complex. In such cases, optimization using modern methods such as genetic algorithms, particle swarm 

optimization and ant colony optimization, are more appropriate. However, in simple cases, classical methods 

such as trial-and-error or parametric models may be sufficient [1]. 

Within this context, this article aims to optimize the dimensions of a direct-drive surface permanent magnet 

synchronous generator (DD-SPMSG) presented in [2]. Its purpose is to improve the generator’s power factor 

and efficiency while keeping its mass to a minimum. 

II. IMPACT OF GENERATOR DIMENSIONS ON PERFORMANCE 

In this section, the performance of the DD-SPMSG (as presented in [1, 2]), including its power factor, 

efficiency and total net weight, is analyzed with respect to its geometrical parameters. The study was carried 

out under RMxprt interface of the Ansys Maxwell software, by varying two geometrical dimensions at a time 

and observing the resulting performance changes through 3D representations. Key parameters include the 

main generator dimensions (axial length and bore diameter), the permanent magnet embrace and thickness, 

and the slot opening, height, and width. A section of the generator geometry is given in Fig. (1). 

 
Figure 1. Section of the DD-SPMSG [7] 

As shown in Fig. (2), the obtained results reveal specific impacts of the generator dimensions on its 

performance. Notably, the bore diameter emerges as the most influential parameter, demonstrating a 

substantially greater impact compared to the other dimensions. Conversely, the virtual length and slot 

opening height exhibit minimal, if not negligible, effects on the evaluated performance indicators, while the 

remaining dimensions show a moderate influence. 

Moreover, the results indicate that certain dimensional combinations can enhance some performance 

metrics while simultaneously degrading others. Therefore, a multi-variable optimization strategy is required 

to achieve an effective compromise among performance criteria, in accordance with the desired objectives 

and operational constraints. 
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Figure 2. Effect of generator dimensions on its performance: (a) main dimensions, (b) permanent magnet 

dimensions, (c) slot opening, (d) slot height and width 
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III. OPTIMIZATION OF THE GENERATOR 

As presented in [1,2], the initial design of the DD-SPMSG demonstrates a deficiency in its power factor. To 

overcome this limitation, we propose a multivariable optimization approach based on parametric analysis of 

the generator. This technique consists of an iterative evaluation of the generator’s performance according 

to the simultaneous variation of its geometric parameters. Based on the dimensions impact study (Section 

II), the optimization variables were identified, excluding parameters with negligible influence.  The 

corresponding ranges of the selected variables are summarized in Table 1. 

Table 1. Optimization of input variables 

PARAMETERS VALUE 

PERMANENT MAGNET EMBRACE 0.7 to 0.9 

PERMANENT MAGNET THICKNESS (MM) 8.5 to 10 

SLOT DEPTH (MM) 20.3 to 30 

SLOT WIDTH (MM) 22 to 30 

SLOT OPENING WIDTH (MM) 6 to 12 

BORE DIAMETER (MM) 2928 to 2930 

The optimization problem is characterized by the objective functions given in Eqs. (01) and (02), and the 

constraint defined by Eq. (03). 

𝑐𝑜𝑠 𝜑 ≥ 0.80 (01) 

𝜂 ≥ 95 % (02) 

{
𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡 = 𝑚𝑖𝑛(𝑀𝑡𝑜𝑡𝑎𝑙)

 𝑚𝑖𝑛(𝑀𝑡𝑜𝑡𝑎𝑙) < 1800𝑘𝑔
(03) 

Where: cos 𝜑 is the power factor of the generator; 𝜂 is the efficiency of the generator; 𝑀𝑡𝑜𝑡𝑎𝑙  is the total net 

weight of the generator. 

A simulation of 9599 iterations was performed using the RMxprt interface of Ansys Maxwell software. The 

generator’s power factor and efficiency characteristics are illustrated in Fig. 4, while their variation with the 

generator’s total net weight is shown in Fig. 3. 

 

Figure 3. Generator performance versus total net weight: (a) power factor, (b) efficiency 

 

(a) (b) 
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Figure 4. Generator’s characteristics versus optimization input variables: (a) power factor, (b) efficiency, (c) 

total net weight 

From Fig. 3, it can be seen that the power factor and the efficiency of the generator increase with the weight, 

reaching maximum values of 0.894 for the power factor and 96.41 % for the efficiency at a weight of 1932 

kg. Considering the weight constraint (Eq. (03)) and the defined obectives (Eqs. (01) and (02)), several optimal 

solutions were identified within the weight range of 1745-1800 kg. The corresponding target regions are 

95.42-96.16 % for the efficiency and 0.81_0.869 for the power factor. Among these solutions, the optimal 

point corresponds to a weight of 1768 kg, yielding a power factor of 0.847 and an efficiency of 96%. By 

referring to the graphs of the parametric results shown in fig.3, the corresponding optimal geometric 

dimensions are deduced and summarized in Table 2. 

(a) 

(b) 

(c) 
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Table 2. DD-SPMSG optimal geometric dimensions 

PARAMETERS VALUE 

PERMANENT MAGNET EMBRACE 0.85 

PERMANENT MAGNET THICKNESS (MM) 9 

SLOT DEPTH (MM) 30.3 

SLOT WIDTH (MM) 30 

SLOT OPENING WIDTH (MM) 10 

BORE DIAMETER (MM) 2928 

The performance of the optimized generator was evaluated and compared with that of the initial design 

reported in [1,2] to demonstrate its effectiveness. As shown in Table 3, the results reveal notable 

improvements in the characteristics of the optimized generator. In particular, the power factor and efficiency 

increased by 17.35% and 1.75%, respectively. In addition, the power required to drive the generator and the 

associated energy losses are reduced by 1.75% and 30.8%, respectively. 

Table 3. DD-SPMSG characteristics 

PARAMETERS  RESULTS FROM [1,2] OPTIMIZED DD-SPMSG 

STATOR PHASE RESISTANCE (Ω)  0.02 0.02 

DIRECT-AXIS INDUCTANCE (MH)  0.878 0.89 

QUADRATURE-AXIS INDUCTANCE (MH)  0.878 0.89 

INPUT POWER (KW)  700 687.74 

OUTPUT POWER (KW)  660.2 660.2 

PERTES TOTALES (KW)  39.76 27.515 

EFFICIENCY (%)  94.32 96 

POWER FACTOR  0.70 0.847 

IV. RESULTS AND DISCUSSION 

The electromagnetic behavior of the optimized DD-SPMSG is analyzed by solving the magnetodynamic partial 

differential equation (Eq. 04) expressed in terms of the magnetic vector potential (A ⃗). This formulation 

reduces the number of unknowns and ensures the continuity of the magnetic vector potential. Furthermore, 

knowledge of the potential at each point within the generator allows the direct derivation of other 

electromagnetic quantities [1]. 

𝛻⃗⃗ ∧ (
1

𝜇0𝜇𝑟
𝛻⃗⃗ ∧ 𝐴⃗) + 𝜎

𝜕𝐴⃗

𝜕𝑡
= 𝐽𝑠 + (𝛻⃗⃗ ∧ 𝑀⃗⃗⃗)   𝑠𝑖 ∶  𝐻⃗⃗⃗ =

𝐵⃗⃗

𝜇0
− 𝑀⃗⃗⃗ (04) 

Where: 𝜎
𝜕𝐴

𝜕𝑡
 is the induced currect density; 𝐽𝑠 is the source current density; 𝑀⃗⃗⃗ is the magnetization of the 

permanent magnets; 𝐻⃗⃗⃗ is the magnetic field; 𝐵⃗⃗ is the magnetic flux density; and 𝜇0 and 𝜇𝑟  denote the 

magnetic permeabilty of air and the relative magnetic permeability, respectively. 
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The numerical solution of Eq. 04 is carried out using the finite element method implemented in Ansys 

Maxwell software. This approach is widely employed in the design and analysis of various fields [2], notably 

for vector field analysis [11]. Its principle involves six main steps [11-13] :  

• Descritization of the structure into elements 

• Interpolation of the solution nodes 

• Formulation of elemental properties 

• Application of boundary conditions 

• Aassembly of the system equations 

• Solution of the system to obtain approximate results. 

Exploiting the symmetry of the generator model, only one section of the full geometry was simulated to 

reduce the number of nodes and finite elements over which the PDEs are solved, thereby decreasing the size 

of the system matrix and the computational time. Newmann boundary conditions were applied on the 

symmetry planes and Dirichlet conditions on the outer arc. The transient simulation under load was 

performed using a 2D triangular mesh. The resulting flux density and magnetic vector potential maps of the 

generator are shown in Fig.5. 

 

Figure 5. 2D distribution of magnetic quantities in the optimized DD-SPMSG:  

(a) magnetic vector potential, (b) magnetic flux density 

As shown in Fig.5.a, the magnetic field established in the generator forms flux lines that are uniformly 

distributed across the different parts of the generator. These lines close around the magnetic poles, flowing 

from the rotor to the stator through the air gap and the stator teeth. Furthermore, the magnetic flux density 

distribution is illustrated in Fig. 5.b. This distribution shows acceptable values, with average flux densities 

ranging from 0.9 T to 1.8 T, and a few local maxima are observed at the stator teeth and between the 

generator poles. However, these values remain below the magnetic saturation limits of the core material. 

V. CONCLUSION 

A parametric optimization was performed to improve the initially designed DD-SPMSG proposed in [7, 8]. 

The impact of geometric dimensions on the generator performance was first analyzed to identify the most 

influential parameters, showing that the bore diameter has the greatest impact on the generator 

characteristics, while the virtual length and slot height have the least effect. The optimization considered two 

objective functions, the power factor and the efficiency, under a constraint on the total net weight of the 

generator, leading to an optimal design with improvements of 17.35% in power factor and 1.75% in 

a)  b)  
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efficiency. The electromagnetic behavior of the optimized generator was then verified through 2D finite 

elements simulation using Ansys Maxwell software. The results show satisfactory performance and 

demonstrate the effectiveness of the optimized generator. 

REFERENCES 

[1]. Z. Larabi, « Sur la Génératrice Synchrone à Aimants Permanents à Faible Vitesse de Rotation - 

Applications Liées aux Systèmes d’Énergies Marines », Phd thesis, Mouloud Mammeri university, Tizi - 

Ouzou, Algeria, 2025. 

[2]. Z. Larabi, K. Ghedamsi, and D. Aouzellag, « Direct Drive Permanent Magnet Synchronous Generator: 

Design, Modeling, and Control for Wind Energy Applications », Period. Polytech. Elec. Eng. Comp. Sci., 

vol. 68, no 2, p. 168 177, avr. 2024, doi: 10.3311/PPee.23602. 

[3]. H. Mamur, C. Şahin, M. Karaçor, and M. R. A. Bhuiyan, « Design and fabrication of an outer rotor 

permanent magnet synchronous generator with fractional winding for micro‐wind turbines », IET 

Electric Power Appl, vol. 14, no 12, p. 2273 2282, déc. 2020, doi: 10.1049/iet-epa.2020.0318. 

[4]. Timișoara Polytechnic University, Timisoara, Romania and E. Dobrin, « The influence of permanent 

magnet synchronous generators in the renewable energy industry », RRIC/RJCE, vol. 13, no 4, p. 353 

363, sept. 2022, doi: 10.37789/rjce.2022.13.4.4. 

[5]. T. Ishikawa, S. Amada, K. Segawa, and N. Kurita, « Proposal of a Radial- and Axial-Flux Permanent-Magnet 

Synchronous Generator », IEEE Trans. Magn., vol. 53, no 6, p. 1 4, juin 2017, doi: 

10.1109/TMAG.2017.2665440. 

[6]. Y.-S. Park, M.-M. Koo, S.-M. Jang, J.-Y. Choi, and D.-J. You, « Performance Evaluation of Radial- and Axial-

Flux PM Wind Power Generators With Mechanical Energy Storage System », IEEE Trans. Energy Convers., 

vol. 30, no 1, p. 237 245, mars 2015, doi: 10.1109/TEC.2014.2331246. 

[7]. R. Kumar, Z. Q. Zhu, A. Duke, A. Thomas, R. Clark, and Z. Azar, « Comparative Study of Transverse Flux 

Permanent Magnet Machines for Wind Power Applications », in 2021 IEEE Energy Conversion Congress 

and Exposition (ECCE), Vancouver, BC, Canada: IEEE, oct. 2021, p. 45 52. doi: 

10.1109/ECCE47101.2021.9595099. 

[8]. R. Yazdanpanah, S. A. Mortazavizadeh, M. Salehian, D. Campos‐Gaona, and O. Anaya‐Lara, « Design 

optimization of inner and outer‐rotor PMSGs for X‐ROTOR wind turbines », IET Renewable Power Gen, 

vol. 18, no 14, p. 2605 2618, oct. 2024, doi: 10.1049/rpg2.13111. 

[9]. V. D. Quoc and H. B. Huu, « Modeling of Surface-mounted Permanent Magnet Synchronous Motors with 

Inner and Outer Rotor Types », IJE, vol. 37, no 12, p. 2529 2537, 2024, doi: 10.5829/ije.2024.37.12c.11. 

[10]. G. Du, N. Li, Q. Zhou, W. Gao, L. Wang, and T. Pu, « Multi-Physics Comparison of Surface-Mounted and 

Interior Permanent Magnet Synchronous Motor for High-Speed Applications », Machines, vol. 10, no 8, 

p. 700, août 2022, doi: 10.3390/machines10080700. 

[11]. B. Stoev, G. Todorov, P. Rizov, G. Pagiatakis, et L. Dritsas, « Finite element analysis of rotating electrical 

machines — An educational approach », in 2017 IEEE Global Engineering Education Conference 

(EDUCON), Athens, Greece: IEEE, avr. 2017, p. 262 269. doi: 10.1109/EDUCON.2017.7942857. 



38 | P a g e  
 

[12]. N. Bianchi, Electrical Machine Analysis Using Finite Elements, 0 éd. CRC Press, 2017. doi: 

10.1201/9781315219295. 

[13]. H. F. Khoshkar, A. Doroudi, and M. Mohebbi, “Finite element analysis of permanent magnet synchronous 

motors subjected to symmetrical voltage sags,” Iranian Journal of Electrical and Electronic Engineering, 

vol. 10, no. 4, pp.333-340, 2014. 



       c o s ⁡  𝜑 ≥ 0 . 80 #  ( 01 )


     𝜂 ≥ 95   % #  ( 02 )


     𝜂 ≥ 95   % #  ( 02 )


      {    C o n s t r a i n t =   m i n ⁡   (   M  t o t a l )       m i n ⁡   (   M  t o t a l ) < 1800 k g #  ( 03 )


      {    C o n s t r a i n t =   m i n ⁡   (   M  t o t a l )       m i n ⁡   (   M  t o t a l ) < 1800 k g #  ( 03 )


   cos ⁡  𝜑


  𝜂


    M  t o t a l


       𝛻 → ∧  (  1    𝜇 0   𝜇  r   𝛻 → ∧   A → ) + 𝜎   𝜕   A →  𝜕 t =     J →  s +  (   𝛻 → ∧   M → )       s i   :     H → =     B →    𝜇 0 −   M → #  ( 04 )


  𝜎   𝜕   A →  𝜕 t


      J →  s


    M →


    H →


    B →


    𝜇 0


    𝜇  r

