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Abstract – Permanent magnet (PM) motors are widely adopted in high-performance drive systems 

due to their high-power density and dynamic response. However, conventional single-rotor 

topologies fall short in applications requiring multi-degree-of-freedom motion control. Dual-rotor 

configurations with a shared stator address this issue by enabling independent rotor control and 

expanding the torque-speed range, yet they suffer from mechanical reliability issues caused by 

centrifugal forces on rotor-PMs. Flux-switching (FS) motors offer a robust alternative with 

inherently low torque ripple by positioning excitation sources on the stator. This paper proposes a 

dual-rotor PM synchronous motor (PMSM) with spoke-type stator-PM placed in the middle of the 

stator slots. The proposed configuration eliminates the risk of PM detachment and enhances 

mechanical robustness, while an integrated winding simplifies the structure and increases control 

flexibility. Simulation results validate its electromagnetic decoupling and overall performance. 
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1. Introduction

Amid the global energy transition, the automotive and 

aerospace sectors are demanding increasingly stringent 

performance from electric drive systems. PM machines have 

become the better choice for high-performance applications 

due to their high-power density, efficiency, and dynamic 

response, playing an important role in emerging fields such 

as electric vehicles [1][2], hybrid electric vehicles [3][4], 

wind power generation [5][6], and wave energy conversion 

[7][8]. Permanent magnet (PM) brushless machines, such as 

the PM synchronous machines (PMSMs) [9][10], PM 

vernier machines [11][12], magnetic-geared PM machines 

[13][14] and stator-PM machines [15][16], exhibit definite 

advantages over the conventional DC machines [17][18], 

induction machines [19][20] and reluctance machines 

[21][22] in terms of efficiency, reliability and torque density. 

Despite these developments, conventional single-rotor 

designs are increasingly inadequate in meeting the stringent 

efficiency and compactness prerequisites of advanced 

automotive and aerospace applications within the context of 

global energy transition [23]. Moreover, the rise of low-

altitude aviation has intensified the need for motor 

topologies capable of multi-degree-of-freedom coordinated 

motion, particularly for electric vertical take-off and landing 

vehicles (eVTOLs) and robotic systems [24]. 

The dual-rotor PM machine features a coaxial structure in 

which two independent rotors share a common stator, 

enabling decoupled rotational control and enhanced torque 

output through coordinated magnetic circuit design [25][26]. 

However, practical deployment faces key technical 

challenges, including centrifugal forces from high-speed 

rotation that threaten the retention and reliability of rotor-

PMs. Meanwhile, complex electromagnetic interactions 

between the dual rotors and stator windings create 

concentrated losses that hurt heat dissipation and system 

stability, while also generating force ripples that cause 

vibration and noise. [27][28]. Additionally, by using two 

independent windings with different pole numbers, each 

winding occupies an independent slot area. This will directly 

reduce the slot filling factor and increase copper loss. 

Addressing these challenges through advanced structural 

optimization is essential to fully leverage dual-rotor 

topologies for future high-performance applications. 

The adoption of integrated winding configurations offers 

a compelling solution to the mentioned challenges. By 

enabling increased electrical loading under equivalent 

copper loss conditions, this topology achieves enhanced 

torque production capability relative to conventional dual-

winding arrangements. Through current superposition and 

vector synthesis, the integrated winding generates two 
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independent magnetomotive forces with distinct pole-pair 

numbers, enabling decoupled multi-rotor control while 

improving slot fill factor and thermal management, with 

advanced control strategies such as model predictive control 

ensuring precise current regulation and robust dynamic 

response. [29][30]. This inherent characteristic facilitates 

decoupled multi-rotor control within a shared stator structure, 

while simultaneously improving slot fill factor and thermal 

management performance [31]. 

The flux-switching permanent magnet (FSPM) machine 

operates on air-gap permeance modulation, featuring stator-

PMs and windings with a salient-pole rotor [32][33]. This 

topology inherently eliminates high-speed PM detachment, 

ensuring superior mechanical robustness over conventional 

rotor-PM designs [34][35]. Recent studies confirm that 

optimizing rotor salient-pole geometry as a magnetic 

modulator significantly enhances torque density while 

suppressing parasitic effects, positioning FSPM as a strong 

candidate for high-performance traction applications [36]. 

Furthermore, the integrated winding arrangement facilitates 

decoupled multi-rotor operation without compromising 

mechanical integrity or torque output, culminating in an 

advanced stator-PM architecture ideally suited for multi-

degree-of-freedom motion control. 

This paper presents a novel stator PM dual-rotor motor 

topology with a distinctive configuration arrangement. The 

proposed design incorporates integrated windings alongside 

PMs positioned tangentially in the middle of the stator slots 

to enhance flux distribution. Such a configuration promotes 

efficient magnetic flux utilization, while the optimized flux 

path geometry aids in mitigating eddy current and magnetic 

reluctance losses, making the topology more well-suited for 

high-speed and high-overload applications [37]. The 

proposed topology offers notable advantages in terms of 

reliability, disturbance resilience, and cost efficiency for 

advanced motor systems operating under demanding 

conditions. Additionally, the use of integrated windings 

enables fully independent rotation of the two rotors, thereby 

providing enhanced control flexibility and more effective 

power allocation between the two mechanical ports. 

 

2. Proposed Motor Structure 

 

The topology of the proposed machine is shown in Fig. 1. 

The stator assembly accommodates the integrated winding, 

PMs tangentially placed in the middle of the stator slots, and 

two concentric rotors. This motor has 18 stator slots. The two 

rotors feature 14 and 17 salient teeth respectively, and the 

number of pole pairs generated by the integrated winding is 

equivalent to that of the equivalent separated windings of 5 

pairs and 8 pairs respectively. The governing relationship 

between the stator and rotor pole combinations is defined by 

the followings: 

𝑃𝑠 =
𝑍

2
(1) 

𝑃𝑎 = |𝑃𝑠 ± 𝑁𝑘| (2) 

where  𝑃𝑠  and 𝑃𝑎  denotes the pole pair number of stator 

PMs and armature windings, 𝑍 corresponds to the number 

of stator slots, and 𝑁𝑘 indicates the number of rotor teeth. 

The proposed structure is provided in Fig. 2, with the basic 

parameters of the proposed topology summarized in Table I. 

 

Table 1. The basic parameters of proposed topology. 

Item Unit Value 

Number of stator slot - 18 

Teeth number of rotor 1 - 14 

Teeth number of rotor 2 - 17 

Pole pair number of Integrated 

Winding 
- 5/8 

Stack length of the motor mm 50 

Volume of PM  dm³ 28.8 

Outer diameter of the motor mm 100 

Speed of rotor 1 rpm 5000 

Speed of rotor 2 rpm -5000 

 

 

Fig. 1. The topology of the propose motor. (a) Front view, 𝑁𝑘1 =

14. (b) Rear view, 𝑁𝑘2 = 17. 

 

 
Fig. 2. The diagram of the proposed dual-rotor structure. 

 

3. Operation Principle 

 

3.1 Flux-Switching Modulation Principle 

 

Based on the unified theory of air-gap field modulation in 

electrical machines, the air-gap flux density 𝐵  is 

determined by the product of the MMF source and the 

permeance distribution [38]. This fundamental relationship 

is expressed as: 



 

 

B=𝛬⋅F (3) 

where 𝐹 denotes the MMF generated by excitation sources 

such as PMs or armature windings, while 𝛬 represents the 

air-gap permeance function, which captures the periodic 

variation of the magnetic circuit arising from rotor saliency 

or modulating elements. The product of these two quantities 

characterizes the modulation process: the spatially 

distributed MMF, stationary or rotating, is modulated by the 

position-dependent permeance, generating a spectrum of 

harmonic components within the air-gap field. The MMF 

produced by stator-PMs remains stationary in space, whereas 

the rotor saliency imposes a periodic modulation on the air-

gap permeance [39]. The MMF term describes the spatial 

distribution of the field source, while the permeance function 

represents the modulation effect of the magnetic circuit. 

Their interaction yields the air-gap flux density harmonics 

that underpin electromechanical energy conversion. 

The final resulting air-gap flux density is obtained by 

multiplying the PM-excited MMF with the permeance 

function. For a rotor comprising 𝑁𝑘  salient teeth, the 

permeance function exhibits a fundamental spatial harmonic 

whose period corresponds to 𝑁𝑘  cycles per mechanical 

revolution [40]. The modulation of the PM MMF, 

characterized by a certain pole-pair number 𝑃𝑟  , by this 

permeance harmonic gives rise to flux density components 

whose pole-pair numbers are determined by: 

Pm,n=|mPr±nNk| (4) 

where 𝑚 and 𝑛 denote positive integers corresponding 

to the harmonic indices of the MMF and permeance 

functions, respectively. In practice, the armature winding is 

intentionally designed to couple with a particular harmonic 

field, generally the component possessing the highest 

magnitude, which constitutes the working harmonic 

responsible for torque production. In the proposed 

configuration, the PMs are arranged in a spoke-type 

configuration in the middle of the stator slots, thereby 

establishing a magnetic field characterized by a pole-pair 

number of 𝑃𝑠 = 𝑍/2 = 9 pole pairs. The two rotors feature 

distinct tooth counts, specifically 𝑁𝑘1 = 14 and 𝑁𝑘2 = 17, 

which give rise to different working harmonic components 

for each rotor. As determined by equation (2), the pole-pair 

numbers of the armature windings are selected as 𝑃𝑎1 = 5 

and 𝑃𝑎2 = 8, corresponding to the fundamental modulation 

products derived from the interaction between the stator field 

and the respective rotor teeth: 

Pa1|m=1, n=-1=|Ps-Nk1|=|9-14|=5 (5) 

Pa2|m=1, n=-1=|Ps-Nk2|=|9-17|=8 (6) 

Hence, each rotor independently modulates the PM field, 

producing rotating harmonics that interact with its dedicated 

winding. The harmonic component whose pole-pair number 

aligns with that of the armature winding becomes the 

effective working field, facilitating electromechanical 

energy conversion through air-gap modulation. This 

harmonic-based principle fundamentally differentiates FS 

machines from conventional synchronous machines, where 

torque arises solely from the fundamental field. Moreover, 

some FS machines exploit tailored higher-order harmonics, 

such as the third harmonic, to significantly improve torque 

density, confirming the practical value of harmonic 

utilization [41]. 

 

3.2 Integrated Winding Configuration 

 

The principle of vector addition governs the production of 

dual MMFs in an integrated winding. Taking two equivalent 

separated windings with pole-pair numbers 𝑃𝑎1  and 𝑃𝑎2 , 

their phase-X currents are represented by 𝐼𝑥,1  and 𝐼𝑥,2 . 

Under parallel connection with the same polarity, the 

resultant currents in the integrated winding are formed by the 

sum of these two components; whereas series connection 

with reversed polarity results in their subtraction. The 

instantaneous branch currents are expressed as: 
𝑖𝑢,1 = 𝐼𝑢,𝐼 + 𝐼𝑢,𝐼𝐼

= 𝐼𝑚,𝐼 𝑐𝑜𝑠(𝜔𝐼𝑡 + 𝜙𝐼 + 𝜃𝑢) + 𝐼𝑚,𝐼𝐼 𝑐𝑜𝑠(𝜔𝐼𝐼𝑡 + 𝜙𝐼𝐼 + 𝜃𝑢)

                                                                                                         (7)

 

𝑖𝑢,2 = 𝐼𝑢,𝐼 − 𝐼𝑢,𝐼𝐼

= 𝐼𝑚,𝐼 𝑐𝑜𝑠(𝜔I𝑡 + 𝜙I + 𝜃𝑢) − 𝐼𝑚,𝐼𝐼 𝑐𝑜𝑠(𝜔II𝑡 + 𝜙II + 𝜃𝑢)

                                                                                                         (8)

 

where 𝑢  denotes a specific phase within the three-phase 

winding system. 𝜃𝑢  represents its corresponding spatial 

phase angle, where 𝜃𝑈 = 0,  𝜃𝑉 = 120°, and  𝜃𝑊 = −120°. 

ω𝐼  and  ω𝐼𝐼 are the angular frequencies of the currents in 

the two equivalent separated windings, 𝜙𝐼  and 𝜙𝐼𝐼  are 

their respective initial phase angles of the currents in the two 

equivalent separated windings. The terms 𝐼𝑢,𝐼  and 𝐼𝑢,𝐼𝐼 

represent the currents in phase 𝑈  of the two equivalent 

separated windings with pole-pair number 𝑃𝑎1  and 𝑃𝑎2 , 

respectively. 

Through addition or subtraction of the aforementioned 

branch currents, the currents corresponding to the equivalent 

separate windings can be expressed: 

𝐼𝑢,𝐼=
 𝑖𝑢,1+𝑖𝑢,2

2
(9) 

𝐼𝑢,𝐼𝐼=
 𝑖𝑢,1-𝑖𝑢,2

2
(10) 

This superposition principle underpins the independent 

control of two distinct magnetic fields within a single 

winding structure. The winding configuration of the 

proposed integrated design is illustrated in Fig. 3, where a 

coil pitch of one slot is employed and the interphase 

connections are schematically depicted. 

 

 
Fig. 3. The winding arrangement of the proposed combination. 

 



 

Although physically integrated, the two conceptual 

windings inherently share a common magnetic circuit, 

resulting in unavoidable electromagnetic coupling. This 

interaction is quantified by the mutual flux linkage, which 

occurs when the flux density generated by one winding links 

the turns of the other. The mutual flux linkage in winding II 

due to excitation of winding I is derived from the integral of 

the product of the air-gap flux density distribution 𝐵𝐼(θ) 

and the winding function 𝑀𝐼𝐼(θ): 

ΨII,I=lstkRgap ∫ BI(θ)MII(θ)
2π

0

 dθ (11) 

where 𝑙stk denotes the stack length and 𝑅gap represents the 

air-gap radius. Fourier expansion reveals that only spatial 

harmonics common to both distributions contribute to 

mutual flux. Decoupling between the windings is attained 

when the sets of nonzero harmonic orders of 𝑀𝐼𝐼 and  𝐵𝐼  

are mutually exclusive, meaning the harmonics present in the 

flux density of one winding do not coincide with those of the 

winding function of the other. This condition ensures that the 

mutual inductance becomes zero, thereby enabling fully 

independent control of each rotor without undesirable cross-

coupling. Fig. 4 presents the decoupling verification results 

for the 5-8 winding pole-pair combination, where 𝐴, 1 and 

𝐴, 2 represent the back EMF of the phase-A for the 5-pole 

pair and 8-pole pair windings, respectively. The presence of 

a smooth sinusoidal waveform alongside a nearly zero curve 

in Fig. 4 confirms the decoupled operation of this 

configuration.  

 

 
Fig. 4. The decoupling verification for 5-8 winding pole pair 

combination. (a) 𝑛𝑟1 = 5000𝑟𝑝𝑚, 𝑛𝑟2 = 0 . (b) 𝑛𝑟1 = 0, 𝑛𝑟2 =

 −5000𝑟𝑝𝑚. 

 

4. Performances 

 

To evaluate the performances of the proposed topology, 

finite element method (FEM) simulations were performed 

under both no-load and on-load conditions.  

 

4.1 Optimization 

 

A systematic multi-objective optimization was undertaken, 

focusing on two critical performance indices: torque density 

(𝐾𝑇 ) and torque ripple (𝑇𝑟 ) with the goal of achieving an 

optimal trade-off between them. The resultant performance 

characteristics are presented in Table II, and the optimized 

parameters are summarized in Table III. As a result of the 

optimization, the torque density of the 5-pole rotor (𝐾𝑇1) and 

8-pole rotor (𝐾𝑇2) achieve 5.71 and 5.34 Nm/L, respectively. 

 

Table 2. The optimized structural performance. 

Items Unit Value 

𝑇𝑎𝑣𝑔1 Nm 2.24 

𝑇𝑎𝑣𝑔2 Nm 2.10 

𝑇𝑟1 % 7.79 

𝑇𝑟2 % 5.21 

𝐾𝑇1 Nm/L 5.71 

𝐾𝑇2 Nm/L 5.34 

 

Table 3. The optimized structural parameters. 

 

Items Unit Value 

Outer diameter of the motor mm 100 

Stack length of the motor mm 50 

Volume of PM, 𝑉𝑃𝑀 dm³ 28.8 

Width of PMs, 𝑏𝑝𝑚 mm 1.55 

Yoke of stator, ℎ𝑦𝑠 mm 1.59 

Width between stator slots, 𝑏𝑡𝑜 mm 7.35 

Height of stator slots, ℎ𝑠0 mm 17.05 

Yoke of rotor 1, ℎ𝑦𝑟1 mm 13.27 

Pole arc ratio of rotor 1, 𝑎𝑙𝑓𝑟𝑖1 - 1.18 

Height of rotor1 teeth, ℎ𝑡𝑟1 mm 3.59 

Yoke of rotor 2, ℎ𝑦𝑟2 mm 9.00 

Pole arc ratio of rotor 2, 𝑎𝑙𝑓𝑟𝑖2 - 1.07 

Height of rotor2 teeth, ℎ𝑡𝑟2 mm 3.74 

 

4.2 No-load analysis 

 

The left portion of each model of Fig. 5 illustrates the flux 

line distribution under no-load condition. A relatively 

uniform distribution of magnetic flux lines is clearly 

observed throughout the core during no-load operation. 

Fig. 6 illustrates the back EMF waveforms of the 

integrated winding. It can be observed that the back EMF 

waveforms of the integrated windings exhibit non-sinusoidal 

characteristics. By applying equations (9) and (10), the back 

EMF waveforms corresponding to the two equivalent 

separated windings are derived, exhibiting regular sinusoidal 

characteristics. Fig. 7 shows the equivalent separated 

winding waveforms, acquired at 5000 rpm with the two 

rotors rotating in opposite directions. The first winding set, 

characterized by 5 pole pairs, displays an amplitude of 8.0 V, 

while the second set with 8 pole pairs, shows an amplitude 

of 8.6 V. Subsequent validation confirms that the 



 

 

performance of the integrated winding is essentially 

consistent with that of its equivalent separated counterparts. 

 

Fig. 5. The no-load flux line distribution and on-load flux density 

map of the proposed rotors. (a) Front view. (b) Rear view. 

 
Fig. 6. The integrated winding waveforms of back EMF of the 

proposed structure. (a) 𝑃𝑎1 = 5. (b) 𝑃𝑎2 = 8. 

 
Fig. 7. The equivalent separated winding waveforms of back EMF 

of the proposed structure. (a) 𝑃𝑎1 = 5. (b) 𝑃𝑎2 = 8. 

 

4.3 Load analysis 

 

The on-load flux density distribution is presented in the 

right portion of each model in Fig. 5, revealing generally 

favorable magnetic field intensity levels across most regions. 

Fig. 8 depicts the torque waveforms for both the 5-pole and 

8-pole rotor configurations, demonstrating relatively stable 

torque output in both cases. Among them, the average torque 

of the 5-pole rotor (𝑇𝑎𝑣𝑔1)  and 8-pole rotor (𝑇𝑎𝑣𝑔2) are 2.24 

and 2.10 Nm, respectively, with corresponding torque ripples 

(𝑇𝑟1, 𝑇𝑟2) are 7.79% and 5.21%, respectively. Both of the 𝑇𝑟 

fall below the conventional 10% benchmark, indicating 

satisfactory operational smoothness. The 𝑇𝑎𝑣𝑔 of these two 

rotors is relatively excellent, and the consistently low 𝑇𝑟 

also confirms the outstanding stability characteristics of the 

proposed design. 

 
Fig. 8. The torque waveforms of the proposed rotors. 
 

5. Conclusion 

 

This paper presents a novel dual-rotor PM motor topology 

with stator-PMs arranged in a distinctive spatial 

configuration. The proposed design integrates integrated 

winding with tangentially oriented PMs positioned in the 

middle of the stator slots, thereby inherently eliminating the 

risk of PM detachment associated with conventional rotor-

PM machines under high-speed operation. By facilitating 

independent rotational control of both rotors within a 

compact stator assembly, the topology naturally supports 

fault-tolerant operation and promotes system integration, 

rendering it particularly well-suited for safety-critical 

applications where spatial limitations and operational 

redundancy are essential considerations. The FEM 

performance evaluation indicates that the proposed design 

has relatively excellent torque density. The torque density of 

the two rotors are 5.71 Nm/L and 5.34 Nm/L respectively. At 

the same time, the low torque ripples, which are 7.79% and 

5.21% respectively, also prove its remarkable stability. 

Consequently, the proposed FS single-stator dual-rotor PM 

motor topology demonstrates both commendable 

electromagnetic characteristics and superior stability, 

positioning it as a promising candidate for advanced motion 

control applications. 
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