
Investigation of a staggered dual-
rotor wound field synchronous 
motor for offshore wind turbine 
full-scale testing platforms
Yang Xue1, Shiyao Qin2, Chen Qi2, Ning Wang3, Cong Liu3 & Wenliang Zhao3

The development of high-fidelity testing platforms for offshore wind turbines necessitates drag motors 
capable of emulating complex marine operating conditions while maintaining ultralow torque ripple. 
This paper proposes a staggered dual-rotor wound field synchronous drag motor (WFSDM) system for 
25 MW full-scale land-based testing platforms targeting large-capacity offshore wind turbines. The 
research follows a structured approach: firstly, the theoretical model of the WFSDM is introduced, and 
its dimensions and structural parameters are determined according to design requirements using the 
D2L method. To enhance average torque and minimize torque ripple, the rotor structure undergoes 
further optimization through a multi-objective genetic algorithm. Following this, an analysis of the 
electromagnetic performance of the optimized WFSDM is conducted. To meet the testing requirements 
of 25 MW wind turbines, a staggered salient poles assembly of dual-rotor is proposed, which reduces 
torque ripple to 1.31% while maintaining an average torque output of 34.82 MNm. Finally, the 
mechanical analysis results are verified to ensure that both the stator and rotor structures comply with 
safety requirements and possess sufficient safety factors. The staggered dual-rotor WFSDM addresses 
critical challenges in offshore turbine testing and provides a scalable solution for next-generation 
offshore wind technology validation, bridging the gap between laboratory testing and real-world 
marine deployment.

Keywords  Electromagnetic performance, Full-scale land-based testing platform, High torque, Low speed, 
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The rapid advancement of offshore wind energy technology has become a cornerstone of global decarbonization 
strategies1,2. With the fast growth in turbine capacities now exceeding 15 MW3,4the demand for reliable full-
scale validation systems capable of replicating extreme marine operational conditions—such as dynamic wave 
loads, salt spray corrosion, and grid frequency fluctuations—has become critical5. Full-scale land-based testing 
platforms have thus emerged as indispensable tools in this process6,7. These platforms simulate the operational 
conditions of offshore wind turbines, allowing for comprehensive testing and optimization of various components 
and systems8,9. Their significance lies in accelerating the development of large-capacity offshore wind technology, 
mitigating deployment risks, and facilitating the widespread adoption of offshore wind energy10,11. By providing 
a controlled environment for testing, these platforms enable engineers and researchers to identify and address 
potential issues early in the development cycle, thereby reducing costs and improving the overall performance 
of offshore wind turbines12,13.

The structure of the full-scale land-based testing platform for large-capacity offshore wind turbine is complex, 
as shown in Fig. 1, consisting of two main parts: the large-capacity offshore wind turbine system under test and 
the supporting testing system14,15. The large-capacity offshore wind turbine encompasses key components such 
as the gearbox, wind turbine generator, and converter16while the testing infrastructure integrates a low-speed 
high-torque shaft simulation system, a five-degree-of-freedom non-torque loading mechanism, and a power 
grid emulation system17. This system is designed to simulate various complex offshore operating conditions 
and typical grid faults, enabling the measurement of turbine operational data under diverse scenarios and 
facilitating the evaluation of the performance of key large-capacity offshore wind turbine components18. As the 
core component, the drag motor is tasked with driving the tested offshore wind turbine by precisely controlling 
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output torque, and it can simulate the dynamic characteristics of the wind turbine generator under different 
wind speeds and load conditions19,20.

High-power drag motors mainly include induction drag motors (IDMs)21permanent magnet synchronous 
drag motors (PMSDMs)22and wound field synchronous drag motors (WFSDMs)23as depicted in Fig. 2. IDMs 
are widely adopted due to their robustness, dependability, simplicity, and relatively low cost. However, they suffer 
from efficiency losses stemming from the requirement for reactive power excitation and rotor resistance24–26. 
Additionally, IDMs have lower efficiency at low speeds and high torques, which are typical requirements for 
simulating the operating conditions of offshore wind turbines. Conversely, PMSDMs offer high efficiency, high 
power density, and excellent dynamic performance27. However, the magnetization and demagnetization of 
large PMSDMs present significant challenges, and the permanent magnets are also at risk of demagnetization. 
Furthermore, the cost of permanent magnets is a significant factor, especially for large PMSDMs, which can 
increase the overall system cost28. WFSDMs, alternatively, present a promising alternative that combines 
the robustness of IDMs with the high-performance capabilities of PMSDMs29,30. They utilize an external 
excitation system to create a magnetic field that synchronizes with the rotor31. The ability to dynamically adjust 
the excitation current enables WFSDMs to maintain optimal performance across a wide range of operating 
conditions compared to IDMs, making them ideal for simulating the dynamic loads experienced by offshore 
wind turbines. Moreover, WFSDMs offer better dependability and lower maintenance costs compared to 
PMSDMs, which further enhances their suitability for full-scale land-based testing platforms. Since the testing 
platform is built near the wind power plant in Fuqing, Fujian Province, efficiency is not a priority issue. The cost, 
efficiency and dependability of the three types of drag motors are shown in Table 1.

Fig. 2.  The main types of high-power drag motors. a IDM. b PMSDM. c WFSDM.

 

Fig. 1.  The full-scale land-based testing platform for large-capacity offshore wind turbine. a Model. b 
Investigation test platform, in Fuqing, Fujian Province.
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While WFSDMs offer a robust alternative to IDMs and PMSDMs for high-power drag applications, their 
susceptibility to torque ripple remains a critical barrier in offshore wind turbine full-scale testing platforms. 
Existing torque ripple suppression strategies for synchronous motors mainly focus on electromagnetic design 
optimizations and control, such as fractional-slot winding configurations, and harmonic current injection 
control32. However, these methods face inherent limitations in megawatt-scale WFSDMs. Fractional-slot 
designs increase manufacturing complexity for large pole-count rotors. And the harmonic injection requires 
precise real-time control, increasing the risk of system instability during the testing of offshore wind turbines. 
Furthermore, conventional dual-rotor assemblies exacerbate torque ripple due to synchronous pole alignment, 
directly conflicting with the low torque ripple.

To address this problem, this paper designs a 25 MW staggered dual-rotor wound field synchronous motor for 
offshore wind turbine full-scale testing platforms. This paper is organized as follows: Sect. "Design of WFSDMs" 
introduces the theoretical model, design requirements and design flow of WFSDMs. Then in Sect.  "Analysis 
of electromagnetic performance", the rotor parameters of the WFSDM are optimized, the electromagnetic 
performance of the WFSDM is analyzed, and the staggered salient poles assembly of dual-rotor is proposed to 
reduce the torque ripple of the drag motor system. This is followed by verifying the structural performance of 
the drag motor system in Sect. "Drag motor system structure performance" to ensure structural safety. Finally, a 
conclusion is provided in Sect. "Conclusion".

Design of WFSDMs
Theoretical model of WFSDMs
The physical model of a three-phase WFSDM equipped with damping windings is depicted in Fig. 3. The stator 
features three symmetrical windings labeled A, B, and C, while the salient-pole rotor incorporates an excitation 
winding and damping windings. The damping windings consist of direct-axis windings, denoted as D, and 
quadrature-axis windings, denoted as Q. The damping winding incorporates short-circuited terminals across all 
segments. For the sake of analysis simplicity, the following assumptions are made: (1). The effect of the stator and 
rotor surface slots is neglected; (4). The stator three-phase windings are symmetrical; (2). The rotor structure is 
symmetrical for both the direct-axis and the quadrature-axis; (3). The magnetic circuit is linear; (5). The air-gap 
magnetic field is distributed sinusoidally in space.

According to Kirchhoff ’s second law and Faraday’s law of electromagnetic induction, the voltage equations 
for the stator windings are as follows:

Fig. 3.  Physical model of a three-phase WFSDM.

 

Items IDM PMSDM WFSDM

Cost Lowest Highest Medium

Efficiency Medium (85–92%) Highest (> 97%) High (> 95%)

Dependability Highest Medium Medium-high

Table 1.  Comparison of cost, efficiency, and dependability for three drag motors.
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


uA = iARswf + dψA
dt

uB = iBRswf + dψB
dt

uC = iCRswf + dψC
dt

� (1)

where uA, uB , and uC  are the voltages of the stator windings in phases A, B, and C, respectively; iA, iB, and iC 
are the currents of the stator windings in phases A, B, and C, respectively; ψA, ψB, and ψC are the flux linkages 
of the stator windings in phases A, B, and C, respectively; and Rswf is the resistance of each phase of the stator 
winding. The voltage equations for the excitation winding and the damping windings are as follows:

	





uf = ifwf Rfwf + dψf

dt

uD = 0 = iDwf RDwf + dψD
dt

uQ = 0 = iQwf RQwf + dψQ

dt

� (2)

where uf is the voltage of the excitation winding; uD and uQ are the voltages of the d-axis and q-axis damping 
windings, respectively, which are zero due to the self-short-circuit of the windings; ifwf , iDwf, and iQwf are the 
currents of the excitation winding and the d-axis and q-axis damping windings, respectively; and Rfwf, RDwf, 
and RQwf are the resistances of the excitation winding and the d-axis and q-axis damping windings, respectively.

Equations (1) and (2) can be written in matrix form:

	

{
us = Rswf is + d

dt
ψs

ur = Rrwf ir + d
dt

ψr
� (3)

where us and ur are the voltage column vectors of the stator and rotor windings, respectively; is and ir are the 
current column vectors of the stator and rotor windings, respectively; ψs and ψr are the flux linkage column 
vectors of the stator and rotor windings, respectively; Rswf and Rrwf are the resistance matrices of the stator and 
rotor windings, respectively.

	 us = [ uA uB uC ]T , ur = [ uf uD uQ ]T ,

	 is = [ iA iB iC ]T , ir = [ ifwf iDwf iQwf ]T ,

	 ψ s = [ ψ A ψ B ψ C ]T , ψ r = [ ψ f ψ D ψ Q ]T ,

	

Rswf =




Rswf 0 0
0 Rswf 0
0 0 Rswf


 , Rrwf =




Rfwf 0 0
0 RDwf 0
0 0 RQwf


 .

The motion equation of WFSDM is:

	
Te = TL + J

pn

dωwf

dt
� (4)

where J is the moment of inertia of WFSDM; TL is the total load torque, including frictional resistance torque 
and elastic torque; Te is the electromagnetic torque; Pn is pole pair; ωwf represents the rotor angular velocity 
expressed in electrical angular speed.

The assumptions of a sinusoidal air-gap flux distribution and linear magnetic circuits facilitate the derivation 
of fundamental voltage and torque equations (Eqs.  1–4). However, under high-load conditions, localized 
saturation in the stator and rotor teeth distorts the air-gap flux waveform, deviating from the sinusoidal 
assumption. During highly dynamic situations, excitation winding currents introduce transient harmonics 
that are not captured by steady-state equations, thereby violating the linear permeability model. Despite these 
limitations, such simplifications are essential for reducing complexity during the initial sizing design of the 
WFSDM. Crucially, the subsequent finite element methods (FEM) analysis can rigorously account for saturation 
effects and slot harmonics. This approach effectively mitigates the adverse effects introduced by the assumptions, 
ensuring that the final design is robust and reliable under real-world operating conditions.

Design requirements for WFSDMs
To fulfill the testing requirements of a 25 MW offshore wind turbine full-scale testing platforms, its drag system 
employs two three-phase WFSDMs with identical technical specifications, due to the limitations of space and 
inverter capacity. They will be connected in coaxial series. Each WFSDM has a rated power of 12.5 MW, a rated 
voltage of 3.3 kV, a rated speed of 7 rpm, and a speed regulation range of 0–14 rpm. Below the rated speed, 
constant torque speed regulation is employed, while above the rated speed, constant power speed regulation is 
used. At rated power, the root mean square (RMS) value of stator current density is no more than 4.5 A/mm2 
and the RMS value of the excitation winding current density is not exceeding 3 A/mm2. The specific design 
requirements are listed in Table 2.

In order to improve the torque output performance, the motor adopts a salient pole structure, and the 
structural parameters of the WFSDMs are referenced to the high-power pumped storage motors. In this design, 
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the magnetic loading of the WFSDMs is also referenced to the high-power pumped storage motors initially set at 
0.85T, which can be subsequently adjusted according to the magnetic circuit iteration. Due to the use of winding 
excitation, before starting the calculation, the power factor and efficiency of the motor can be preset to 1 and 
0.9, respectively. The main electromagnetic parameters armature diameter, armature core length, motor capacity, 
rotational speed and the electromagnetic load of the motor are related as follows:

	
D2

ldlef nNwf

PNwf
= 6.1

apKNM KW AB
� (5)

where Dld is the armature diameter, lef is the effective length of the WFSDM, nNwf is the WFSDM speed, PNwf is 
the size of the electromagnetic power of the WFSDM, ap is the calculation of the pole arc coefficient, KNM is the 
waveform coefficient of the magnetic field of the air gap, Kw is the winding coefficient, A is the line load of 4.5 A/
mm2, and B is the magnetic load. After the armature is energized under the action of sinusoidal magnetic field, 
an induced electromotive force will be generated in the three-phase symmetrical windings, which can determine 
the number of motor excitation winding turns and stator winding turns. The parameters of the WFSDMs shown 
in Table 3 can be determined by using the design flowchart of WFSDMs shown in Fig. 4. Initially, the main 
dimensions of the WFSDM are determined using the D2L method. Subsequently, the design process progresses 
to the stator and stator winding design, followed by the rotor and field winding design. Finally, FEM is employed 
to validate whether the design meets the design requirements. If the FEM results do not satisfy the design 
criteria, the process reverts to the D2L method for redetermination of the WFSDM’s main dimensions. This 
iterative procedure continues until the FEM confirms that the design objectives are fully met. In order to reduce 
the air gap magnetic field harmonics, the stator skew slot is 0.5 tooth pitch.

Analysis of electromagnetic performance
Performance optimization
When designing the 12.5 MW WFSDM, in order to further improve the performance, the nondominated sorting 
genetic algorithm II (NSGA-II) for multi-objective optimization is carried out by the finite element software. The 
fitness functions for maximizing the average torque Tavg and minimizing the torque ripple Trip are given by

	

{
f1=max(Tavg)

f2=min(Trip=
Tmax−Tmin

Tavg
× 100%) � (6)

Five design variables, the rotor yoke thickness Ty, rotor tooth height Ht, rotor tooth width Wt, rotor tooth top 
height Htt, and rotor tooth top radius Rt, are selected as displayed in Fig. 5. As shown in (7), the constraints are 
designed to avoid severe degradation of Trip and Tavg. The limits of the design variables are presented in (8).

	

{
Trip ⩽ 7.5%

Tavg ⩾ 15MNm � (7)

Items Unit Value

Rated excitation current A 2000

Winding type - Y

Number of poles/slots 120/540

Air Gap Length mm 12

Rotor inner diameter mm 4650

Stator inner diameter mm 4905

Stator outer diameter mm 5100

Axis Length mm 10,400

Excitation winding turns - 17

Stator winding turns - 12

Table 3.  Main parameters of the wfsdms.

 

Items Unit Value

Rated power MW 12.5

Rated voltage kV 3.3

Rated speed rpm 7

Stator current density (RMS) A/mm2 ≤ 4.5

Excitation winding current density (RMS) A/mm2 ≤ 3

Table 2.  Design requirements for parameters of wfsdms. 2.3 determination of the main structure parameters.
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


110mm ⩽ Ty ⩽ 120mm
95mm ⩽ Ht ⩽ 110mm

140mm ⩽ Wt ⩽ 170mm
25mm ⩽ Htt ⩽ 30mm

500mm ⩽ Rt ⩽ 4000mm

� (8)

In addition, convergence criteria require the Pareto front improvement to remain below 0.1% over 50 generations 
while capping maximum generations at 200. And these criteria employed a 100-individual population with 0.9 
crossover probability and 0.05 mutation rate. After optimization, the optimal values of Ty, Ht, Wt, Htt, Rt are 
113.6 mm, 99 mm, 150 mm, 28.76 mm, and 600 mm respectively. The corresponding values of torque average 
and torque ripple values are 17.41 MNm and 4.13%, respectively.

Electromagnetic performance
The optimized WFSDM model and corresponding mesh profile are presented in Fig. 6, featuring localized grid 
refinement in the motor’s air gap region to achieve enhanced simulation fidelity. Figure 7 illustrates the stator 
winding coupling circuit, where es and is denote the back electromotive force (EMF) and current per phase; 
R1e and L1e represent the end-winding resistance and leakage inductance of the stator terminals; RL and LL 
correspond to the conductor resistance and inductance within stator slots, respectively. The damping winding 
coupling circuit, as shown in Fig. 8, incorporates short-circuited terminals across all segments, where ik, R1e 
and L1e designate the current, end resistance, and leakage inductance of the kth damping winding segment, 
respectively; ibk, Rb and uk correspond to the body current, body resistance, and induced EMF for the kth damper 
bar segment, respectively.

Given a rated excitation current of 2000 A and a rotational speed of 7 rpm, with no stator current applied, 
the air gap flux density distribution is depicted in Fig. 9. It is evident that the no-load air gap flux density is 
distorted in the stator teeth due to the influence of the stator teeth. The harmonic spectrum, obtained from the 

Fig. 5.  Optimization variables of rotor.

 

Fig. 4.  Design flowchart of WFSDMs.
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FFT analysis of the air gap flux density, reveals that the fundamental amplitude of the air gap flux density is 1.023 
T, with the 9th harmonic amplitude being the highest at 0.099 T. The motor’s pole and slot configuration, with 
60 pole pairs and 540 slots, results in relatively high 7th, 9th, and 11th harmonics of the air-gap magnetic flux 
density. This is attributed to the specific combination of the number of slots per pole per phase, which can be 
mitigated by optimizing the pole-slot combination.

The waveform and spectrum of the back EMF are illustrated in Fig. 10. The sinusoidality of the back EMF 
with a stator skew slot is significantly higher than that of the model without a skew slot. The model without a 
skew slot exhibits a very high 17th harmonic, while the highest order harmonic in the model with a stator skew 
slot is the 5th harmonic at 245 V. The total harmonic distortion (THD) of the no-load back EMF is calculated as:

Fig. 8.  The damping winding coupling circuit.

 

Fig. 7.  The stator winding coupling circuit.

 

Fig. 6.  Optimized WFSDM. a Optimized model. b Mesh profile.
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T HD =

√
U2

2 + U2
3 + U2

4 + · · · · · · +U2
100

U1
× 100% = 0.852%� (9)

where U1 is the fundamental RMS value, and Un (n > 1) is the nth harmonic RMS value. A high THD in the 
back EMF can lead to increased torque ripple, causing mechanical vibrations and noise, thereby reducing the 
overall efficiency and lifespan of the WFSDM. Moreover, WFSDMs with high THD in the back EMF can inject 
harmonics into the power grid, affecting the overall power quality. However, the THD of the back electromotive 
force of this motor is less than 1%, which meets the requirements.

With a rated excitation current of 2000 A, a rotational speed of 7 rpm, and a three-phase stator current of 
2340 A, the load electromagnetic torque is shown in Fig. 11. The average value of the electromagnetic torque is 
17.41 MNm, with a torque ripple of 4.13%. The prototype of the WFSDM is depicted in Fig. 12a.

Torque ripple suppression via staggered salient poles
To achieve a drag capacity of 25 MW, the drag system employs two 12.5 MW WFSDMs with series-connected 
rotors operating coaxially, as illustrated in Fig.  12b. This configuration doubles the torque output but also 
increases the torque ripple range of the drag motor system. To ensure stable system operation, it is essential to 
mitigate the torque ripple. The conventional arrangement of dual rotors is depicted in Fig. 13a. A staggered rotor 
tooth structure is adopted for the series-connected rotors operating coaxially. Specifically, Rotor A and Rotor 
B are placed at a 90-electrical-degree (ED) offset, as shown in Fig. 13b. This arrangement interleaves the salient 
poles of the motor rotors, aligning the salient poles of Rotor A with the slots of Rotor B. Consequently, the peaks 
and troughs of the torque from the two rotors superimpose, effectively suppressing torque ripple through peak 
shaving and valley filling.

Under no-load conditions and rated excitation current, the peak-to-peak no-load torque for a single WFSDM 
rotor is 1.76 MN·m. In a conventional salient-pole dual-rotor assembly, this value doubles to 3.52 MN·m, as 
evident in Fig. 14a. However, employing a staggered salient-pole dual-rotor assembly allows the torque peaks 
and valleys from the two rotors to superimpose, thereby reducing the peak-to-peak no-load torque. Specifically, 

Fig. 10.  No-load back electromotive force. a Waveform. b Spectrum with skew slot.

 

Fig. 9.  No-load air gap flux density. a Waveform. b Spectrum.
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as shown in Fig. 14b, the peak-to-peak no-load torque reduces to 0.48 MN·m, representing an 86.36% decrease 
compared to the conventional dual-rotor assembly and a 72.73% decrease compared to the single rotor, 
demonstrating significant suppression.

Under rated load, the single WFSDM rotor achieves a maximum output torque of 17.41 MN·m, with 
a torque ripple range of 0.72 MN·m and a torque ripple of 4.13%. The conventional salient-pole dual-rotor 
assembly yields an average torque of 34.82 MN·m and a torque ripple range of 1.44 MN·m, as shown in Fig. 15a. 
Conversely, the staggered salient-pole dual-rotor assembly achieves the same average torque (34.82 MN·m) 
but substantially lowers the torque ripple range to 0.46 MN·m and the torque ripple to 1.31%. Compared to 
the conventional assembly, the output torque is maintained while the torque ripple coefficient is reduced by 
2.82%. Fig. 15b illustrates the torque waveform. The experimental results are shown in Fig. 15c, the average 
value is 34.8 MNm, and the torque fluctuation range is 0.14 MN·m. Due to the current sensor’s sampling rate 
(4 Hz), direct comparison of torque ripple coefficients is impractical; however, the average torque aligns closely 
with FEM results (< 1% error), attributable primarily to magnetic end leakage and mechanical manufacturing 

Fig. 13.  Dual-rotor structure. a Conventional salient poles assembly. b Staggered salient poles assembly.

 

Fig. 12.  WFSDM. a Prototype. b Rotor structure.

 

Fig. 11.  FEM results of electromagnetic torque.
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tolerances. Thus, the staggered salient-pole assembly effectively mitigates both no-load torque and torque ripple 
in the WFSDM traction motor system while maintaining torque capability, significantly enhancing operational 
stability. The achieved torque ripple of 1.31% meets experimental equipment requirements. For further reduction, 
investigating torque ripple suppression control algorithms for the WFSDM is recommended. At rated load and 
1.31% torque ripple, the efficiency is 95.83%. This value, calculated as the ratio of mechanical output power to 
effective electrical input power, aligns with the data in Table 1.

Drag motor system structure performance
Overall structure
The drag motor system employs a horizontal installation method with a dual-shaft extension structure, as shown 
in Fig. 16. The bearings are segmented hydrostatic sliding bearings, with the driving end utilizing radial thrust 

Fig. 15.  Electromagnetic torque. a FEM results for conventional salient poles assembly. b FEM results for 
staggered salient poles assembly. c Experimental results, indirectly calculated through current measurement 
data.

 

Fig. 14.  No-load torque. a Conventional salient poles assembly. b Staggered salient poles assembly.

 

Scientific Reports |        (2025) 15:30645 10| https://doi.org/10.1038/s41598-025-13791-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


bearings capable of enduring 550 tons of radial force and 140 tons of axial thrust. The cooling unit is of a 
backpack design positioned atop the motor stator, incorporating a leak detection device and drainage holes 
within. The ventilation system adopts a full radial circulating cooling method. The collector ring and brush 
holder are arranged at the rear end of the motor, where an encoder mounting interface is also reserved.

Stator structure
The motor stators comprise stator shells, cores, and coils. The shells are fabricated by welding steel plates 
into three 120° segments, which are then bolted together during assembly, as shown in Fig.  17. To evaluate 
structural stiffness, deformation and stress analyses of the core and shell were performed. For safe handling 
during transportation to the test platform, lifting conditions were analyzed, revealing maximum deformations 
of 0.63 mm that satisfy installation requirements, as seen in Fig. 18. To guarantee the structural integrity of the 
stator and support structure under the action of rated torque and rotor gravity, an analysis of the deformation 
and stress of both was performed. As illustrated in Fig. 19, the maximum deformation is 0.62 mm, aligning with 

Fig. 18.  Deformation of stator under lifting conditions.

 

Fig. 17.  Stator. a 3-D model. b Welded parts. c Assembled stator.

 

Fig. 16.  Overall structure of the drag motor system. a 3-D model. b Drag motor system.
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installation specifications. The stator casing is made of carbon structural steel Q235B material, with an allowable 
stress value of 125 MPa. The Q235B carbon steel stator casing exhibits allowable stress of 125 MPa. Under rated 
operation, maximum equivalent stress reaches 32 MPa, yielding a 3.9 safety factor that meets requirements, as 
detailed in Table 4. During short-circuit conditions, maximum equivalent stress is 161 MPa against the material’s 
375 MPa yield strength, achieving a 2.3 safety factor.

Rotor structure
The rotor of the drag motor system adopts a salient pole structure, with the rotor core secured to the rotor 
bracket using tension bolts, ensuring a reliable structure, as shown in Fig. 20. The rotor bracket is welded from 
steel plates, capable of withstanding high torque stresses and frequent start-up fatigue damage, while also 
facilitating ventilation and heat dissipation. The shaft and rotor bracket are of a split design, with the rotor 
bracket welded from steel plates, exhibiting high stiffness and low weight. The rotating shaft features a hollow 
structure, offering high torsional and bending stiffness while being lightweight. The entire shaft assembly is 
composed of two sections connected by high-strength bolts. The structure of the motor rotor is illustrated in the 
figure below and primarily consists of the main shaft, rotor bracket, magnetic poles, and excitation slip rings. 
The magnetic poles are fixed to the outer circumference of the rotor bracket with bolts, and the rotor bracket is 
bolted to the main shaft flange. The rotors of the two motors are fixed onto the same main shaft and supported 
by two shared bearings.

To assess the stiffness levels of the rotor and rotor shaft, an analysis of the stiffness and strength of the rotor 
core, rotor bracket, and rotor shaft was conducted. As illustrated in Fig. 21, the maximum torsional and bending 
stresses of the rotor shaft under the rated operating condition are 47 MPa, and the material of the rotor shaft uses 
forged steel 20MnSi, with a material allowance of 163.3 MPa and a safety factor of 3.46, which meets the design 

Fig. 20.  Rotor structure.

 

Operating condition Stress Calculated value (MPa) Allowable value (MPa) Safety factor

Rated torque condition Maximum equivalent stress 32 125 3.9

Short-circuit condition Maximum equivalent stress 161 375 2.3

Table 4.  Results of stator structure analysis for drag motor systems.

 

Fig. 19.  Analysis results of stator structure. a Deformation. b Stress.
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requirements. Figure 22 demonstrates that, the maximum deformation of the rotor core and rotor support under 
the rated condition is 0.7  mm, the maximum stress is 45  MPa, the rotor support material uses carbon steel 
Q235B, the permissible value of the material is 125 MPa, the safety factor is 2.77, to meet the requirements. 
Detailed results of the rotor structural analysis are presented in Table 5.

Primary mechanical failure modes include fracture and mechanical fatigue. Fracture may occur due to sudden 
or repeated force application. Finite element analysis confirms that the maximum equivalent stresses in both 
the rotor and stator comply with allowable design limits. Fatigue constitutes a critical concern for components 
subjected to cyclic loading, as it can initiate crack propagation and ultimately lead to structural failure. For the 
WFSDMs, the rotor is identified as the primary component susceptible to fatigue damage. The fatigue life of the 
rotor is evaluated using finite element analysis, confirming a fatigue life exceeding 1.9 × 10⁸ cycles under cyclic 
loading conditions. This substantiates its structural integrity under repeated operational loads.

Conclusion
In this paper, the a staggered dual-rotor WFSDMs for offshore wind turbine full-size land-based test platform 
was investigated. Firstly, the theoretical model of the WFSDMs was presented and the key size parameters were 
calculated based on the D2L method. A multi-objective optimization for the rotor was then conducted to increase 
the average torque and decrease the torque ripple. Next, the electromagnetic performance of the optimized 

Component Operating condition Stress Calculated value (MPa) Allowable value (MPa) Safety factor

Rotor shaft

Rated torque condition Maximum equivalent stress 32 125 3.9

Short-circuit condition Maximum equivalent stress 161 375 2.3

Gravity bending + coupling load Maximum principal stress ± 47 106 2.25

Rotor bracket

Rated torque condition Maximum equivalent stress 45 125 2.77

Short-circuit condition Maximum equivalent stress 222 375 1.6

Gravity Maximum principal stress ± 21.3 96 4.6

Table 5.  Results of rotor structure analysis for drag motor systems.

 

Fig. 22.  The deformation and stress of rotor at rated condition. a Deformation. b Stress.

 

Fig. 21.  Stress of rotor shaft under rated condition. a Torsional stress. b Bending stress.
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WFSDMs was analysed. To further mitigate the torque ripple, a staggered salient pole assembly for the dual rotor 
was then proposed. Finally, the structural strength of the drag motor was calibrated, and it was determined that 
the stator and rotor structures met safety requirements. The staggered dual-rotor WFSDM investigated in this 
study has been installed on the full-scale testing platform for load torque testing, and the system is currently in 
the equipment commissioning phase. Upon completion of commissioning, the platform will simulate marine 
environmental conditions to conduct: (1) Basic performance tests on the novel offshore wind turbine generator, 
(2) Grid fault ride-through capability tests and so on.

Data availability
All data generated or analysed during this study are included in this published article.
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