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Background and Objectives: Dual-rotor synchronous motors with counter-rotation are of 
significant interest for electric machine design due to their high performance and specific 
applications. In this study, a new Counter-Rotating Dual-Rotor Synchronous Motor 
(CRDRSM) is presented, with the permanent magnet (PM) rotor as the outer rotor and the 
reluctance rotor as the inner rotor. 
Methods: To identify the optimal structure, the effects of distributed and fractional-pitch 
windings are first compared. Then, various PM and reluctance rotor topologies are 
examined in order to select the optimal combination. Despite high output torque, cogging 
torque significantly affects motor performance; therefore, reducing cogging torque is the 
main concern of this research. Dimensional optimization is conducted using the Taguchi 
method to minimize cogging torque in the PM rotor. Four key design parameters, 
including the PM arc, PM thickness, stator opening slot, and stator tooth width, are 
selected as optimization variables, while other parameters are kept constant. The 
minimum and maximum ranges of these variables are determined using parametric 
scanning and ANSYS Maxwell finite element software. Briefly, the optimization process 
proceeds in three stages: (1) winding configuration comparison, (2) selection of optimal 
inner and outer rotor structures, and (3) dimensional optimization using the Taguchi 
method. 
Results: Analysis of the results demonstrates that the cogging torque of the proposed 
motor is reduced by up to 62.36%, the output power and efficiency are increased, and the 
voltage THD is also reduced. Other performance characteristics, including output torque 
and electromagnetic stability, are improved compared to the initial design or remain at a 
desirable level. 
Conclusion: Finite Element Analysis (FEA) demonstrated that the distributed winding 
configuration delivers the best performance among all tested options. Model C, featuring 
a hyperbolic-line reluctance inner rotor combined with a surface-mounted PM outer 
rotor, was identified as the best configuration. This model offers an excellent balance of 
high torque, low torque ripple, minimized back-EMF harmonics, and satisfactory 
efficiency, making it highly suitable for submarine propulsion systems. To further reduce 
cogging torque (one of the primary sources of torque ripple and acoustic noise), the 
motor geometry was optimized using the Taguchi method and FEA. Overall, the 
electromagnetic performance of the proposed CRDRSM was validated in terms of flux 
density distribution, output torque, and cogging torque. 
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Introduction 

CRDRSMs have emerged in recent years as an attractive 

option for applications with space constraints, high 

torque density requirements, dynamic performance, and 

optimal efficiency [1], [2]. They have garnered attention 

in applications such as the marine industries, aviation, 

hybrid electric vehicles, and underwater vehicle 

propulsion systems [1]-[4]. Compared to dual-rotor 

motors, single-rotor motors increase the mechanical 

stresses on the rotor surface due to their integrated 

structure and larger rotor diameter. However, in dual-

rotor motors, by utilizing an inner rotor with a smaller 

diameter and an outer rotor, mechanical stresses, 

acoustic noise, and torque ripple are reduced. In 

CRDRSMs, by using the technique of reverse rotation of 

two rotors, the problems caused by unidirectional 

rotation and enable the movement of reverse rotation 

propellers [5]. Dual-rotor counter-rotating machines are 

divided into two main types: dual-rotor electric 

machines with a common stator and dual-rotor electric 

machines without a stator. The main difference between 

these two types is in mechanical power [6]. A dual-rotor 

motor with a shared stator can provide different speeds 

and torques for each rotor, whereas in a stator-less 

motor, the torques of the two rotors must be equal, 

although the speeds can differ [5]-[7]. In underwater 

vehicles, electric propulsion systems offer superior 

performance due to their higher efficiency, better 

controllability, simpler maintenance, and lower acoustic 

noise compared to thermal propulsion systems. In the 

military industries, special attention has also been given 

to electric propulsion in modern vessels and ships, as 

this architecture offers greater flexibility, efficiency, and 

fault tolerance compared to mechanical propulsion 

systems [8]. 

 In the fast-paced world of technology and industry, 

the need for high-performance and energy-efficient 

electric motors is increasingly felt. In this context, 

Permanent Magnet Synchronous Motors (PMSM) and 

Switched Reluctance Motors (SRM) have found a special 

place as two modern and innovative options in the 

design and development of electric motors [9], [10]. 

PMSMs provide high performance without the need for 

a mechanical commutator and have advantages such as 

small size, low weight, low losses, high efficiency, and 

high torque density, making them very suitable for 

space-constrained applications, such as submarine 

propulsion [11], [12]. Additionally, SRMs have been 

proposed as an alternative to reduce the use of PMs due 

to their simple mechanical design, low cost, and high 

reliability, while providing acceptable output torque 

[12]-[14]. 

The design and optimization of a dual-rotor hybrid 

motor (reluctance-PM) using the reverse rotation 

technique can be an attractive and unique idea in the 

development of electric motors. In [12], a synchronous 

dual-rotor motor with a PM outer rotor and a reluctance 

inner rotor has been introduced that includes a magnetic 

insulation ring in the middle of the stator yoke, aiming to 

reduce the cogging torque. 

In order to increase the torque density and to reduce 

torque ripple, this paper proposes a CRDRSM, which 

utilizes a radial flux configuration and includes an outer 

rotor with surface PMs, an inner rotor of the reluctance 

type, and a common stator located between them. Then, 

an attempt is made to minimize the torque ripple of the 

proposed CRDRSM for applications that require low 

noise levels [5], [15]. Moreover, it seems that the 

thermal behavior of the proposed CRDRSM will improve, 

as the inner rotor does not include PMs. 

Cogging torque in PM motors is caused by the 

interaction between the magnets and the stator slots, 

leading to torque ripple and acoustic noise [16]. Various 

methods have been proposed to reduce cogging torque, 

including stator slotting [17] and rotor structure 

optimization [18]. There are well-established design 

optimization techniques for electrical machines, 

including deterministic methods [19], stochastic 

methods (such as genetic algorithms) [20], and 

intelligent methods [21]. 

Besides, many papers have employed the Taguchi 

method for design optimization of PM motors in order to 

reduce cogging torque [22]-[24]. In [23] and [24], the 

Taguchi method has been used with the FEA to evaluate 

the cogging torque due to PM tolerances, by which the 

sampling number has been reduced significantly. The 

Taguchi optimization method, by defining a loss function 

and analyzing the impact of various factors on the 

output, makes it possible to determine optimal 

parameters under conditions with the least sensitivity to 

environmental noise and unwanted variations [25]-[27]. 

Considering the complex nature of modeling in dual-

rotor synchronous motors, the use of the Taguchi 

analysis method combined with parameter displacement 

analysis leads to the rapid and precise identification of 

key parameters affecting motor performance [28]. In 

addition to significantly reducing optimization time and 

costs, it also enhances key parameters such as increased 

efficiency, reduced cogging torque, and improved output 

torque quality, ultimately improving electromagnetic 

performance [29]-[31]. 

In this study, the Taguchi method was chosen due to 

its high efficiency in reducing computation time and 

requiring fewer samples compared to other methods, 

such as PSO [30]. This method is based on the design of 

orthogonal experiments and allows for finding the 

optimal combination of design variables with minimal 

calculations [28], [29], [31]. 
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This research, using FEA in the commercial software 

ANSYS Maxwell, first compares two types of windings 

(distributed and fractional pitch) and selects the most 

suitable winding. Then, eight different configurations for 

combining reluctance rotors and PMs are examined, and 

the optimal model is selected. Since cogging torque 

significantly affects torque ripple and output torque 

quality, geometric optimization has been carried out 

with the aim of reducing the cogging torque of the 

external PM rotor. The optimization range of parameters 

has been determined considering the motor dimension 

constraints, and by combining the Taguchi analysis 

method and parameter displacement, the optimal 

parameters for reducing cogging torque have been 

extracted. Simulation analyses confirm the effectiveness 

of the optimization. Ultimately, the magnetic field 

analysis, stator yoke flux density, air gap flux density, 

inductance, electromotive force (EMF), output torques, 

power, and efficiency confirm the proper performance 

of the proposed motor. 

Motor Preliminary Design 

A.  Motor Topology 

In this research, a CRDRSM has been proposed and 

investigated, which includes an outer rotor with surface 

PMs and an inner rotor of the reluctance type. This 

motor has a common stator located between two 

concentric rotors. Both rotors rotate at the same speed 

but in opposite directions. Slots are embedded in the 

inner and outer surfaces of the stator, between which 

the stator windings are distributed. To create rotating 

magnetic fields with opposite directions in the inner and 

outer air gaps of the stator, a phase shift between the 

windings of the outer and inner layers of the stator has 

been applied. This phase displacement results in the 

generation of two opposing magnetic driving forces in 

the inner and outer air gaps. Fig. 1 shows a schematic 

view of the proposed motor.  
 

 
Fig. 1: Proposed structure of CRDRSM. 

In fact, this motor can be described as a combination 

of a synchronous reluctance motor and a PM motor, 

benefiting from the advantages of both. The main 

geometric and electrical parameters considered for the 

initial model are summarized in Table 1. 

 
Table 1: Design Dimensions and Main Parameters of CRDRSM 
 

Parameter Value  

Number of phases 3 

Number of poles 6 

Number of slots 36 

Rated frequency (Hz) 50 

Stator winding connection Y 

Effective length (mm) 198 

Inner radius of stator (mm) 61 

Outer radius of stator (mm) 108 

Radius of outer rotor (mm) 110 

Radius of inner rotor (mm) 60 

Inner air-gap length (mm) 1 

Outer air-gap length (mm) 2 

Speed (rpm) 1000 

PM type NdFeB-N35 

 
The proposed motor has 36 slots and 6 poles, which 

provides a balanced three-phase winding layout and 

ensures both rotors perform properly. This selection 

results in an integer slots-per-pole-per-phase value of 

  
 

  
 

  

   
  , which is a common choice for 

distributed windings and contributes to stable 

electromagnetic performance. In the CRDRSM motor, 

the number of poles in the inner rotor (reluctance) and 

the number of poles in the outer rotor (PM) must be 

equal to achieve balance. The initial parameter set in 

Table 1 was selected to satisfy the required operating 

conditions and dimensional constraints.  

In the CRDRSM motor, the number of poles in the 

inner rotor (reluctance) and the number of poles in the 

outer rotor (PM) must be equal to achieve balance. 

B.  Motor Power Equation 

I. External PM Motor 

The rated output power of a PM motor depends on 

voltage, current, and the number of phases. Considering 

that the waveforms of stator current and voltage are 

usually non-sinusoidal, a shape coefficient (  ) is taken 

into account for the precise calculation of output power. 

Assuming the neglect of losses due to winding 

impedance and leakage inductance, the output power of 

the external PM motor (    ) is expressed as: 

                (1) 

where   is the motor efficiency,   is the number of 

phases,    is the shape coefficient,     is the peak value 
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of the single-phase back electromotive force (EMF), and 

    is the peak value of the stator phase current. 

Assuming the stator current vector is aligned with the 

back EMF vector, the d-axis current would be zero, and 

the shape coefficient (  ) is considered to be 0.5. The 

peak value of the back EMF of the outer PM motor is 

obtained from the induced electromotive force (E = BLV), 

where B is the magnetic flux density, L is the effective 

length of the winding, and V is the linear speed of the 

winding in the magnetic field. The linear speed in the 

outer air gap is calculated using the relation   

  
   

 
(
  

 
), where     is the outer diameter of the 

stator,    is the supply frequency, and   is the number of 

pole pairs. Therefore, the peak back EMF value is 

expressed as: 

              (
 
 

 
)      (2) 

where    is the winding factor,    is the number of 

turns of the winding in each phase,       is the peak 

value of the air gap flux density of the surface-mounted 

PM rotor,    is the axial length of the motor core, and 

   ⁄  is the angular speed of the magnetic field. The peak 

phase current (   ) is also calculated from [32]: 

    
√     

   
             (3) 

where         is the electrical load value on the PM 

rotor side,   is the number of phases,     is the outer 

diameter of the stator, and    is the number of turns of 

the winding in each phase. By substituting (2) and (3) 

into (1), the output power of the external PM motor is 

obtained as: 

     
√   

 
   (

  

 
)               

         (4) 

II. Internal Reluctance Motor 

For the synchronous reluctance motor (SynRM), the 
output torque is provided by the components of the d-
axis and q-axis currents, and the output power is 
affected by the power factor (   ( )). Unlike a PM 
motor, the reluctance rotor lacks a PM and therefore 
does not generate direct back EMF. As a result, the 
output power      of the synchronous reluctance motor 

can be expressed as: 

     
√   

 
   (

  

 
)    ( )               

              (5) 

that    ( ) is the power factor of the internal reluctance 

motor,   is the angle between the stator current and the 

q-axis component,       is the peak value of the air gap 

magnetic flux density,         is the electrical load value 

on the reluctance rotor side, and     is the inner 

diameter of the stator. (5) is derived from the classical 

electromagnetic power formulation of synchronous 

machines based on shear stress theory, in which the 

output power is expressed as a function of the air-gap 

magnetic loading, stator electrical loading, and active 

machine volume, while standard coefficients account for 

sinusoidal field distributions and peak-to-RMS 

conversions. 

III. Double Rotor Motor 

By combining the equations of the external PM motor 

and the internal reluctance motor, the total power of the 

CRDRSM is obtained as: 

        
√   

 
   (

  
 
)  [               

     

                
 ] 

(6) 

Considering the series connection of the internal and 

external stator windings, the winding currents are equal, 

and therefore: 

           

   
 
           

   
 (7) 

By simplifying (7), the relationship between the 

effective electrical loads of the inner and outer rotors 

with the diameter ratio is obtained as: 

        
   

   
             (8) 

By substituting (8) into (6), and after simplification, 

the total motor power ( total) can be expressed as: 

        
√   

 
   (

  
 
) [          

      
   
   
]           

    
(9) 

The electromagnetic torque of the motor consists of a 

constant component (DC) and oscillating components 

(ripple) expressed as: 

 ( )      ∑     (      ) ( )      (10) 

that     is the average torque, and    are the harmonic 

components that produce torque ripple. For the various 

topologies presented in this research, the ripple 

percentage of the torque is calculated as: 

              ( )  
       

   
           (11) 

where         is the effective value of the alternating 

torque. 

According to the above equations, the extractable 

powers from the two rotors can be examined, based on 

which the overall geometric dimensions of the two 

rotors and the stator can be determined. 

Comparison of Rotor Structures and Winding Types 

A. Comparison of Winding Types for CRDRSM 
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In this section, two types of distributed and fractional-

pitch windings for the CRDRSM with an outer PM rotor 

and an inner reluctance rotor have been designed and 

evaluated using FEA in ANSYS Maxwell software. The aim 

of this analysis is to select the most suitable winding 

type for the proposed CRDRSM based on key 

performance criteria such as output torque, torque 

ripple, Total Harmonic Distortion (THD) of no-load 

voltage, and efficiency, with an emphasis on submarine 

propulsion applications that require high torque and low 

noise [5], [15]. 

I. Design and evaluation of winding types 

The two types of winding examined are: 

     Distributed winding: The phases of a single-phase 

winding are distributed across several stator slots, 

resulting in a more uniform magnetic field and 

sinusoidal back EMF [33], [34]. 

     Fractional pitch winding: The number of slots per 

pole per phase is fractional, which creates a specific 

distribution of the magnetic field and reduces the 

cogging torque [33], [35]. 

The proposed CRDRSM has a 36-slot stator. In Fig. 2, 

the winding layout of slots 1 to 18 is illustrated for both 

distributed and fractional-pitch windings. Evidently, the 

winding pattern of slots 19 to 36 is a periodic repetition 

of the same arrangement shown in slots 1 to 18. The 

simulations were conducted using ANSYS Maxwell, and 

key parameters such as torque, torque ripple, THD, EMF, 

current, output power, losses, and efficiency were 

extracted. 
 

 
(a) Distributed winding 

 
(b) Fractional-pitch winding 

Fig. 2: Comparison of distributed and fractional-pitch winding 
types for CRDRSM. 

Fig. 3 shows the proposed CRDRSM's distributed and 

fractional pitch winding patterns (for phase A). 

 

 
(a) Distributed winding 

 
(b) Fractional-pitch winding 

Fig. 3: Comparison of phase A winding pattern for distributed 
and fractional-pitch windings for CRDRSM. 

For clarity, the specifications of the distributed and 

fractional-pitch windings are shown in Table 2. 

Table 2: Detailed specifications of distributed and fractional-
pitch windings for CRDRSM 

Parameters Distributed Fractional-pitch 

Winding type Full-pitch Short-pitch 

Layer arrangement Single-layer Double-layer 

Electrical angle of short 
pitch 

0° 30° 

Slots per pole per phase (q) 2 2 

Coil pitch (in slots)  6 5 

Distribution factor 0.9659 0.9659 

Pitch factor 1 0.9659 

Winding factor 0.9659 0.9330 

Connection type Y-connected Y-connected 

 

II. Simulation Results and Optimal Selection 

Table 3 compares the simulation results of two types 

of windings for the proposed CRDRSM. Based on the 

data in Table 3, Fig. 4 depicts the values of the internal 

torque, external torque, external torque ripple, and 

internal torque for distributed winding and fractional-

pitch winding.  

 

 
 

Fig. 4: Torque and torque ripple comparison for the suggested 
windings. (for internal and external rotors). 

Table 3: Comparison of results for different types of winding 

Parameters Distributed Fractional-pitch Unit 

Torque Internal 17.7 5.54 Nm 

Torque External -67.27 -57.7 Nm 

Ripple T Internal 11.88 25.06 % 

Ripple T External 22.24 20.19 % 

THD VNL 23.29 19.38 % 

Harmonic VNL 116.8 112.86 V 

EMFrms 193.04 192.37 V 

Irms 18.97 17.49 A 

Pout-put 8.9 6.62 KW 

  87.36 85.55 % 
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Accordingly, the distributed winding was chosen as 

the most suitable option for CRDRSM. This selection has 

been made based on the following key criteria: 

 High torque: The distributed winding with an 

internal torque of 17.7 Nm and the external torque of -

67.27 Nm is significantly higher than a fractional pitch 

winding (internal torque of 5.54 Nm and the external 

torque of -57.7 Nm), making it suitable for submarine 

propulsion applications that require high torque [5], [15]. 

 Low torque ripple: The internal torque ripple 

(11.88%) in the distributed winding is significantly lower 

than the internal torque ripple (25.06%) in the fractional 

pitch winding. Also, the external torque ripple of both 

windings is close to each other. ensuring smoother 

operation and reduced acoustic noise, a critical feature 

for noise-sensitive applications [15]. 

 Acceptable THD: Although the THD of back EMF 

in the distributed winding (23.29%) is higher than that of 

the fractional pitch (19.38%), it improves the overall 

motor performance due to the production of sinusoidal 

back EMF [34]. 

 Balance of efficiency and power: An efficiency 

of 87.36% in the distributed winding is higher than the 

fractional pitch winding (85.55%), is justifiable for high-

power applications due to the higher torque and lower 

ripple [34]. 

For better comparison of the results, the torque 

versus time curve under transient and steady-state 

conditions for distributed winding and fractional-pitch 

winding is shown in Fig. 5. 
 

 
(a) Internal torque 

 
(b) External torque 

Fig. 5: Curve of the torque versus time in transient and steady-
state conditions for fractional-pitch and distributed windings. 

Distributed winding, by creating a more uniform 

magnetic field and reducing torque ripple, helps 

optimize cogging torque in the later stages of CRDRSM 

design, especially for the outer PM rotor [34]. This 

feature, along with thermal stability and smooth 

operation, makes it ideal for underwater applications 

that require high torque and low noise [5], [15]. 

Therefore, considering the balance between torque, 

torque ripple, and stability, the distributed winding was 

chosen as the best option for the proposed CRDRSM. 

B. Optimal Selection of Rotor Structures for CRDRSM 

In this section, various combinations of internal rotor 

(reluctance) and external rotor (PM) for CRDRSM have 

been designed and evaluated using distributed winding. 

The goal is to select the optimal structure among the 

eight proposed combinations using FEA in ANSYS 

Maxwell software. These combinations include two 

types of external rotors (surface PM and internal PM or 

insert) and four types of reluctance internal rotors (ALA, 

hyperbolic, hyperbolic-line, and concentric-polyline). Fig. 

6 shows these eight structures as follows: 

 Model A: ALA Reluctance Rotor with Surface PM 
Rotor. 

 Model B: Hyperbolic Reluctance Rotor with Surface 
PM Rotor. 

 Model C: Hyperbolic-Line Reluctance Rotor with 
Surface PM Rotor. 

 Model D: Concentric-Polyline Reluctance Rotor with 
Surface PM Rotor. 

 Model E: ALA Reluctance Rotor with Internal PM 
Rotor. 

 Model F: Hyperbolic Reluctance Rotor with Internal 
PM Rotor. 

 Model G: Hyperbolic-Line Reluctance Rotor with 
Internal PM Rotor. 

 Model H: Concentric-Polyline Reluctance Rotor with 
Internal PM Rotor. 

The lengths of inner and outer air gaps are the same 

for all models in Fig. 6 (Models A to H), meaning the 

inner air gap length for all models is one millimeter, and 

the outer air gap length for all models is two millimeters. 

The simulation results for key metrics such as torque, 

torque ripple, THD of no-load voltage, EMF, current, 

inductance, output power, losses, and efficiency are 

presented in Table 4.  

This analysis has been conducted with a focus on 

submarine propulsion applications that require high 

torque and low noise [5], [15]. 

Compared to the surface-type PM, the insert-type PM 

generates a larger air gap for the internal stator winding 

to produce flux, and consequently, the surface-type PM 

is favored above the insert-type PM when choosing the 

optimal model. Because of this, models B and C 

outperform the other models, as shown in Table 4.  
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Fig. 6: Comparison of different topologies for a combined dual rotor (Reluctance-PM) counter-rotating motor. 

 
 

Table 4: Comparison of results obtained from different proposed topologies 
 

Parameters Model A Model B Model C Model D Model E Model F Model G Model H Unit 

Cogging Zero-Peak  4.28 4.41 4.41 4.41 3.89 3.38 3.38 3.38 Nm 

Torque Internal 24.61 17.84 17.7 14.03 23.72 17.45 17.32 13.81 Nm 

Torque External -73.92 -67.28 -67.27 -66.59 -74.20 -67.98 -67.97 -66.87 Nm 

Ripple T Internal  18.84 11.87 11.88 12.73 19.11 12.36 12.37 13.17 % 

Ripple T External  22.11 22.26 22.24 21.95 28.49 27.75 27.73 26.85 % 

THD VNL 19.32 20.2 23.29 20.2 19 18.89 23.83 32 % 

Harmonic VNL 114.3 115.8 116.8 116.5 108.4 114.5 95 84.77 V 

EMFrms 193.08 193.02 193.04 193.02 202.11 201.9 201.9 201.9 V 

Irms 21.88 19 18.97 18.17 21.51 18.84 18.82 18.03 A 

Pout-put 10.31 8.91 8.9 8.44 10.25 8.94 8.93 8.49 KW 

  86.15 87.3 87.36 87.48 86.8 87.89 87.89 88.24 % 
 

 

 

A B C

D E F

G H H
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Thus, model C is chosen as the best motor even though the 

results are close to one another. Based on the information in 

Table 4, Fig. 7 depicts the values of the internal torque, 

external torque, external torque ripple, and internal torque 

ripple of the topologies shown in Fig. 6 (Models A through H). 

 

 
Fig. 7: Torque and torque ripple comparison for various suggested topologies. 

 

The results in Table 4 show that Model B (hyperbolic 

reluctance rotor with surface PM) and Model C 

(hyperbolic-line reluctance rotor with surface PM) 

perform better than the other models. Model C was 

chosen as the optimal structure due to the following 

criteria: 

 Low torque ripple: Model C, with an internal torque 

ripple of 11.88% and an external torque ripple of 

22.24%, similar to Model B (11.87% and 22.26%), 

provides smoother performance, which is crucial for 

noise-sensitive underwater applications [15]. These 

values are significantly lower than those of models 

E, F, G, and H (internal ripple 12.36%-19.11% and 

external ripple 26.85%-28.49%), which is due to the 

greater air gap in the internal PM rotor [13]. 

 Balanced torque: Model C provides an internal 

torque of 17.7 Nm and an external torque of -67.27 

Nm, which is similar to Model B but higher than 

Model D (14.03 and -66.59 Nm) and more balanced 

than Model A (24.61 and -73.92 Nm), which has a 

higher ripple (18.84%). 

 Acceptable THD: The back EMF THD of model C 

(23.29%) is slightly higher than that of model B 

(20.20%), but considering the sinusoidal back EMF of 

the distributed winding, it is within an acceptable 

range and ensures stable performance [34]. The 

hyperbolic-line structure in Model C, with optimal 

magnetic flux distribution, reduces the primary 

harmonics of back EMF, which helps improve 

cogging torque [34]. 

 Appropriate efficiency: The efficiency of model C 

(87.36%) is similar to model B (87.30%) and higher 

than   model   A    (86.15%),   which   is   suitable   for  

 

underwater applications with an output power of 

8.90 kW [5], [15]. 

 Cogging torque optimization: Model C, with a 

cogging torque of 4.41 Nm, along with low torque 

ripple, facilitates the optimization of the cogging 

torque of the PM outer rotor in the later stages of 

design [34]. 

The surface PM rotor in models A to D offers better 

performance in CRDRSM compared to the internal PM 

rotor (models E to H) due to the smaller air gap and 

higher flux density [5]. Model C, with the combination of 

a hyperbolic-line reluctance rotor and a surface PM, was 

selected as the best structure for the proposed CRDRSM 

due to its balance between high torque, low ripple, 

reduced primary back EMF harmonics, and adequate 

efficiency. This structure is ideal for submarine 

propulsion applications that require smooth operation 

and low noise [5], [15]. 

Cogging Torque Optimization 

As shown in Section 3, Model C (Hyperbolic-Line 

Reluctance Rotor with Surface PM Rotor) was selected as 

the optimal structure for CRDRSM due to the balance 

between high torque, low torque ripple, and adequate 

efficiency. However, the external torque ripple remains 

high, primarily due to cogging torque [16]. This section 

addresses the optimization of the cogging torque of 

model C using the Taguchi method for applications that 

require low noise levels [5], [15]. 

Fig. 8 shows the flowchart of the CRDRSM 

optimization process. The main objective is to find the 

optimal design using a combination of comparing 

winding and different structures, using the Taguchi 

method, and FEA. 
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Fig. 8: Flowchart of CRDRSM optimization process. 
 

The Taguchi method for optimizing the cogging 

torque of model C is applied using a five-level 

optimization structure. The process involves selecting 

initial parameters, evaluating results, and adjusting the 

parameter ranges until the desired outcome is achieved.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

The starting point of the process is the initial design of 

the motor based on the performance specifications. 

After selecting suitable types of winding and rotor 

structures for the proposed CRDRSM based on the 

analyses in section 3, then the effective geometric 

parameters and their range of variations are determined 

so that the effect of each parameter on cogging torque 

can be analyzed through FEA simulation. Finally, the data 

obtained from the simulation are entered into the 

Taguchi matrix and processed using statistical methods 

(such as analysis of variance). If the results do not 

improve, the previous range must be adjusted, a new 

range defined, and the Taguchi optimization repeated to 

achieve optimal results. 

A. Determining Optimization Goals and Optimization 
Factors 

Considering the needs of high-torque, low-noise, and 

efficient drives [5], [15], cogging torque was chosen as 

the main optimization target, as its reduction directly 

improves torque ripple and acoustic noise [16]. Four 

design variables, including the PM arc angle, PM 

thickness, stator slot opening, and stator tooth width, 

which significantly affect cogging torque, were selected. 

These four parameters are shown in Fig. 9. 
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Fig. 9: Optimization parameters in the Taguchi method. 

Table 5: Selection range of optimization parameters 
 

Optimization Factor Symbol Design range Range Unit 

Arc Magnet Arc PM   6 ≤
α 
α 
≤   8 [47 - 51] deg 

Magnet Thickness MT 
  ⋅ g

  
≤ M ≤

  a ⋅ g

  
 [2.9 - 3.7] mm 

Slot Opening Width SOW   ⋅
 πR  
  

 [3 - 5] mm 

Stator Tooth Width STW 
Φ

  ax ⋅ l 
 [4.8 - 6.4] mm 
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B. Determining the Optimal Value Range and Level Value 
of the Optimization Factor 

The range of optimization variables was determined 

using preliminary analyses in ANSYS Maxwell software, 

as shown in Table 5. Four levels of influence, which are 

within the range of the optimal value of each factor, are 

selected. Then, the five levels of values are sorted in 

ascending order according to the sorting principle and 

are sequentially named as levels 1, 2, 3, 4, and 5. The 

values of each level are shown in Table 6. 
 

Table 6: Number of levels for the optimization factor 

Symbol Level 1 Level 2 Level 3 Level 4 Level 5 

Arc PM 47 48 49 50 51 

MT 2.9 3.1 3.3 3.5 3.7 

SOW 3 3.5 4 4.5 5 

STW 4.8 5.2 5.6 6 6.4 

 

In Table 5,  
  

  
 is the magnetic arc to pole angle ratio, 

   is the air gap flux density,   a  is the magnet's 

saturation density,    is the magnet's residual flux, and g 

is the external air gap.    is the number of stator slots, 

   ≤   ≤    , and R   is the stator yoke's inner radius. 

l  is the effective length of the outer stator,   ax is the 

maximum allowable flux density in the tooth, and   is 

the flux flowing through the tooth. 

 

In order to investigate the reduction of cogging 

torque due to various design variables, each design 

variable is parameterized in the optimization process, 

and the four parameters in Table 5 are selected as 

optimization variables.  

The upper and lower bounds are provided according 

to Table 5; other parameters are fixed. After obtaining 

the cogging torque values in different models, the 

minimum values are selected to plot the trend of 

cogging torque changes with the parameters, and the 

optimal parameters are simulated in Maxwell for 

verification. If the optimal effect meets expectations, the 

optimization is complete. If the effect is not as expected, 

it is necessary to adjust the upper and lower limits of the 

parameters to optimize them.  

In Table 7, in the columns of the experimental matrix, 

L1 to L5 refer to the Level 1 to Level 5 optimization 

coefficients specified in Table 6. 
Considering four optimization factors (according to 

Table 5) and determining five levels for each 

optimization factor (according to Table 6), the 

orthogonal experiment table is designed as shown in 

Table 7.  

Thus, to achieve motor optimization, only 25 tests 

(52=25) are needed, as the Taguchi method with the 

orthogonal table reduces the number of tests from 

54=625 tests to 25 tests, significantly decreasing 

computation time [28], [29], [31]. 

 

Table 7: Orthogonal table and finite element simulation results 

 
 Experimental matrix Optimization Factor Goals 

Exp. 
Num 

Arc PM SOW MT STW 
Arc PM 

(deg) 
SOW (mm) MT (mm) STW (mm) 

Cogging zero-peak 

(Nm) 
EMF(V) THD (%) Pout (KW) 

1 L1 L1 L1 L1 47 3 2.9 4.8 11.12 225.64 21.97 8.21 
2 L1 L2 L2 L2 47 3.5 3.1 5.2 10.94 220.19 21.92 8.49 
3 L1 L3 L3 L3 47 4 3.3 5.6 11.08 216.08 21.91 8.76 
4 L1 L4 L4 L4 47 4.5 3.5 6 11.94 212.78 21.91 8.75 
5 L1 L5 L5 L5 47 5 3.7 6.4 13.3 210.63 21.93 8.82 
6 L2 L1 L2 L3 48 3 3.1 5.6 4.3 209.48 21.75 8.91 
7 L2 L2 L3 L4 48 3.5 3.3 6 7.85 209.88 20.15 8.78 
8 L2 L3 L4 L5 48 4 3.5 6.4 9.04 207.54 20.15 8.86 
9 L2 L4 L5 L1 48 4.5 3.7 4.8 12.78 215.63 21.83 8.95 

10 L2 L5 L1 L2 48 5 2.9 5.2 13.22 223.16 21.82 8.69 
11 L3 L1 L3 L5 49 3 3.3 6.4 5.25 204.33 20.24 8.85 
12 L3 L2 L4 L1 49 3.5 3.5 4.8 6.27 212.69 20.31 8.93 
13 L3 L3 L5 L2 49 4 3.7 5.2 8.63 207.06 20.28 9 
14 L3 L4 L1 L3 49 4.5 2.9 5.6 11.15 214.91 20.27 8.57 
15 L3 L5 L2 L4 49 5 3.1 6 12.64 212.6 20.26 8.78 
16 L4 L1 L4 L2 50 3 3.5 5.2 3.31 203.53 18.79 8.92 
17 L4 L2 L5 L3 50 3.5 3.7 5.6 5.15 199.93 18.77 8.94 
18 L4 L3 L1 L4 50 4 2.9 6 6.18 207.97 18.78 8.68 
19 L4 L4 L2 L5 50 4.5 3.1 6.4 7.52 206.31 18.77 8.82 
20 L4 L5 L3 L1 50 5 3.3 4.8 7.34 215.07 18.85 8.93 
21 L5 L1 L5 L4 51 3 3.7 6 1.69 194.14 18.87 8.81 
22 L5 L2 L1 L5 51 3.5 2.9 6.4 1.71 201.98 18.87 8.7 
23 L5 L3 L2 L1 51 4 3.1 4.8 3.6 210.6 18.92 8.84 
24 L5 L4 L3 L2 51 4.5 3.3 5.2 2.34 205.67 18.91 8.97 
25 L5 L5 L4 L3 51 5 3.5 5.6 2.23 202.52 18.9 8.96 
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C. Optimization Process and Result Analysis 

Using the orthogonal table, 25 motor models were 

simulated in ANSYS Maxwell, and the cogging torque 

(zero to peak) for each combination was calculated 

(Table 7). The results were evaluated using the signal-to-

noise ratio (SNR) and mean analysis [31]: 

  
 

 
∑  

 

   

 (12) 

In (12), A is the average result of each optimization 

objective; n is the number of trials, n=25 in this article; 

and Si is the i-th optimization objective value. (i is one of 

1-25) [29].  

Based on the analysis of the data in Table 7, and with 

the objective function being the reduction of cogging 

torque, the signal/noise ratio index is calculated using 

the Taguchi method so that lower values are preferred. 

The level with the highest average signal/noise ratio is 

selected as the optimal level for the objective function, 

as this level leads to the lowest value under noisy 

conditions with the highest stability. In addition to 

reducing the complexity of experiments, the Taguchi 

method increases the accuracy and stability of the 

optimization process and reduces the system's sensitivity 

to unwanted changes.  

The Taguchi method establishes an optimal balance 

between all criteria by analyzing the signal/noise ratio 

and the average effect of each parameter and provides 

the optimal model through a systematic approach [26], 

[27]. 

The final best combination of motor main parameters 

and the comparison results of performance indexes 

before and after optimization are shown in Table 9 and 

Table 10. 

The results in Table 10 show that the cogging torque 

has improved from 4.41 Nm to 1.66 Nm (a reduction of 

62.36%), which is consistent with the impact of the 

optimized variables (Arc PM, SOW, MT, STW) [16]-[18]. 

 

Table 8: Average results for each optimization objective 

- Cogging zero-peak EMF THD Pout 

A 7.62 Nm 210.01 V 20.2 % 8.8 KW 

 
Table 9: Optimization factor parameters before and after 
optimization 

Parameter Arc PM SOW MT STW 

Before optimization 52 deg 3 mm 3.4 mm 6.4 mm 

After optimization 51 deg 3 mm 3.3 mm 5.6 mm 

Table 10: Comparison of various performance indexes before 
and after optimization 

Parameter Before 

optimization 

After 

optimization 

Unit 

Cogging zero-peak 4.41 1.66 Nm 

Ripple Torque Internal 11.88 10.16 % 

Pout-put 8.9 8.94 KW 

THD Voltage NL 23.29 18.39 % 

EMF rms 193.04 199.69 V 

𝞰 87.36 88.27 % 

 

The THD of the back EMF decreased from 23.29% to 

18.39%, indicating an improvement in the back EMF 

harmonics due to the optimal flux distribution in the 

hyperbolic-line structure [18]. The internal torque ripple 

(10.16%), output power (8.94 kW), and efficiency 

(88.27%) also improved, which aligns with the 

requirements of submarine drives (low noise, high 

torque) [5], [15]. These results confirm the effectiveness 

of the Taguchi method in reducing cogging torque while 

maintaining the overall performance of the motor [28], 

[29], [31]. 

Simulation Results Analysis 

In this section, the performance characteristics of the 

optimized model C for CRDRSM have been evaluated 

using two-dimensional FEA in ANSYS Maxwell software. 

The simulation results for the inner and outer rotors 

have been presented to confirm the performance of the 

optimized model C as the best choice [5], [15]. 

A. Magnetic Flux Density Distributions 

The distribution of magnetic flux density of the 

proposed motor under nominal current at six different 

rotor positions is shown in Fig. 10.  

The maximum flux density occurs at the inner poles of 

the stator and reaches 2.05 Tesla. No part of the stator 

or rotor iron layers reaches full saturation under nominal 

current, indicating the appropriate design of the 

magnetic structure to maintain stable performance [5], 

[18]. 

B. Air Gap Flux Density Analysis 

Fig. 11 shows the comparative curves of air gap flux 

density for internal and external air gaps against rotor 

position.  

It can be observed that the air gap flux density of the 

proposed PMSM is higher than that of the SRM. This 

increase in flux density is due to the use of PM in the 

outer rotor, which optimizes the flux distribution. This 

indicates the higher average torque potential of PMSM 

compared to SRM. 

 

http://jecei.sru.ac.ir/
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Fig. 10: Magnetic flux density and flux lines distributions of CRDRSM under current.
 

 
(a) Internal air gap 

 

 
(b) External air gap 

Fig. 11: Comparison of the air-gap flux densities for CRDRSM. 

C. Output Torque Analysis 

Fig. 12(a) shows the cogging torque curves versus 

time for the initial and optimized models, and Fig. 12(b) 

shows the output torque due to the inner rotor versus 

time. It is seen that by optimal selection of parameters 

Arc PM, SOW, MT, and STW, the cogging torque has 

been much decreased, with negligible effect on the value 

of internal rotor torque. 

 

It can be observed that the torque difference 

between the two structures occurs near the rotor 

alignment position. This is because the air gap 

reluctances near the aligned positions of the rotors are 

smaller than the reluctances near the non-aligned 

positions of the rotors. Therefore, the PM flux near the 

aligned positions closes its path through the air gaps, 

increasing the air gap flux density and the output torque. 

 
(a) Cogging torque 

 
(b) Internal rotor torque 

Fig. 12: Comparison of initial and optimal models for CRDRSM. 
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D. Comparison between the Initial Model and the 
Optimal Model 

To evaluate the performance of the optimized model 
C, a comparison was made between the initial and 
optimal models based on key indicators. To ensure a fair 
comparison, the rated power, outer diameter, air gap 
length, and steel material were kept the same in both 
models. The comparison indices include cogging torque, 
average torque, torque ripple, RMS and THD of back 
EMF, RMS of phase current, output power, losses, and 
efficiency. The results are presented in Table 11. 

 
Table 11: Comparison of the initial and the optimal models 

 
Model Initial Optimal Unit 

Arc PM 52 51 Deg 

SOW 3 3 mm 

MT 3.4 3.3 mm 

STW 6.4 5.6 mm 

Cogging zero-peak 4.41 1.66 Nm 

Torque Internal 17.7 16.55 Nm 

Ripple Torque Internal 11.88 10.16 % 

Torque External -67.27 -68.91 Nm 

Ripple Torque External 22.24 26.04 % 

First Harmonic NL 116.8 102.81 V 

THD Voltage NL 23.29 18.39 % 

EMFrms 193.04 199.69 V 

Irms 18.97 19.42 A 

Pout-put 8.9 8.94 KW 

  87.36 88.27 % 

 
Analysis of results: 

 Cogging torque: The reduction from 4.41 to 1.66 Nm 

(62.36%) indicates a significant improvement due to 

the optimization of design variables [16]-[18]. 

 Internal and external torque: The internal torque 

has slightly decreased (from 17.7 to 16.55 Nm), but 

the external torque has improved (from -67.27 to -

68.91 Nm), which is consistent with the increase in 

air gap flux density [5]. 

 Torque ripple: The internal torque ripple has 

decreased from 11.88% to 10.16%, but the external 

torque ripple has increased from 22.24% to 26.04%. 

This increase may be due to changes in SOW and 

STW, which require further investigation [16]. 

 THD and EMF: The reduction in THD of back EMF 

(from 23.29% to 18.39%) and the increase in RMS of 

back EMF (from 193.04 to 199.69 volts) indicate an 

improvement in Back-EMF harmonics due to the 

Hyperbolic-Line structure [18]. 

 Efficiency and output power: The increase in 

efficiency (from 87.36% to 88.27%) and output 

power (from 8.90 to 8.94 kilowatts) is consistent 

with the requirements of submarines (low noise, 

high torque) [5], [15]. 

 Losses and current: A slight increase in RMS of 

current (from 18.97 to 19.42 amperes) is acceptable 

due to the improvement in torque and output 

power [5]. 

The optimized motor's output waveforms (cogging 

torque, stator current, output torque, and back-EMF) are 

displayed in Fig. 13. As shown in Fig. 13(a), the internal 

and external rotors generate steady average torques 

with opposite directions, confirming the intended 

counter-rotating operation. Compared with the initial 

design, the internal torque slightly decreases, whereas 

the external torque increases, which is consistent with 

the enhanced air-gap flux density and improved 

electromagnetic coupling in the optimized structure. 

Although the external rotor exhibits higher torque ripple 

due to its larger effective radius and slot–magnet 

interaction, the overall torque production remains stable 

and suitable for high-torque applications. Fig. 13(b) 

presents the cogging torque waveform of the optimized 

model. A significant reduction in cogging torque is 

achieved. This improvement is mainly attributed to the 

optimization of stator and rotor geometrical parameters, 

which effectively mitigates slotting effects and magnetic 

reluctance variation. The reduced cogging torque is 

particularly advantageous for low-noise and low-

vibration operating conditions, such as underwater 

propulsion systems. The three-phase back-EMF 

waveforms shown in Fig. 13(c) exhibit good symmetry 

and a sinusoidal shape with a 120° phase displacement, 

indicating balanced electromagnetic behavior. Results 

demonstrate an improvement in back-EMF harmonic 

quality, which can be attributed to the optimized rotor 

geometry and the hyperbolic-line structure that smooths 

the air-gap flux distribution. Fig. 13(d) shows the stator 

current waveforms under rated operating conditions. 

The phase currents are balanced and sinusoidal, 

indicating stable machine operation and proper 

electromagnetic design. No noticeable current distortion 

is observed, confirming that the optimized design does 

not introduce adverse electromagnetic effects. As a 

result, the suggested PMSM generates more torque than 

the suggested SRM. Actually, the suggested motor builds 

an effective structure that provides optimal performance 

and high torque. The optimum option for the suggested 

CRDRSM in underwater applications is the optimized 

model C because of its low cogging torque, high 

efficiency, and appropriate torque [5], [12], [15], [36]. 
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(a) Output torque 

 
(b) Cogging torque 

 
(c) Back-EMF 

 
(d) Stator current 

Fig. 13: Specifications of the optimal model for CRDRSM. 

 

Conclusion 

In this study, a CRDRSM is proposed that uses a 

common stator configuration, an external PM rotor, and 

an internal reluctance rotor. Based on FEA simulations, it 

was shown that the distributed winding provides the 

best result among all the examined windings. Then, 

using the distributed winding and with the aim of 

selecting the optimal structure among the proposed 

topologies, the combination of the inner rotor 

(reluctance) and the outer rotor (PM) for the proposed 

CRDRSM was designed and evaluated. The results 

showed that Model C, with the combination of the 

hyperbolic-line reluctance rotor and the surface PM, was 

chosen as the best structure for the CRDRSM. Model C is 

ideal for submarine propulsion applications that require 

smooth operation and low noise due to its balance 

between high torque, low ripple, reduced primary back-

EMF harmonics, and adequate efficiency. To reduce 

cogging torque, which is the main factor causing torque 

ripple and acoustic noise, the optimization of the 

motor's geometric dimensions was carried out using the 

Taguchi method combined with FEA. After optimization, 

the cogging torque was reduced by 62.36% from 4.41 

Nm to 1.66 Nm due to the optimization of design 

variables. Additionally, the ripple torque of the inner 

rotor and the THD of back EMF were reduced, and the 

output power and efficiency of the proposed motor 

were increased, which aligns with the requirements for 

submarines (low noise, high torque). Additionally, the 

electromagnetic performance of the proposed motor 

(CRDRSM) in terms of flux densities, output torques, and 

cogging torque was confirmed. 
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