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1. More Electric Aircraft

(SNCF 2025)

CityAirbus NextGen

Urban Air Mobility

• Limitation of on-board energy
• Fault-Intolerant (sensor, electronic 

devices, windings…)

Multiphase Drive
Higher power density
Lower torque ripple

Having fault tolerance

Three-phase drive
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« 2. EMR-based Model of Dual 3-Phase Drive considering Iron Loss »
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2.1 Vector Space Decomposition

𝒗𝒗𝒂𝒂𝟏𝟏𝒃𝒃𝟏𝟏𝒄𝒄𝟏𝟏

𝒊𝒊𝒂𝒂𝟏𝟏𝒃𝒃𝟏𝟏𝒄𝒄𝟏𝟏

𝒊𝒊𝒂𝒂𝟐𝟐𝒃𝒃𝟐𝟐𝒄𝒄𝟐𝟐

𝒗𝒗𝒂𝒂𝟐𝟐𝒃𝒃𝟐𝟐𝒄𝒄𝟐𝟐

𝒗𝒗𝒃𝒃𝒃𝒃𝒕𝒕𝟏𝟏

𝒗𝒗𝒃𝒃𝒃𝒃𝒕𝒕𝟐𝟐

𝒊𝒊𝒃𝒃𝒃𝒃𝒕𝒕𝟏𝟏

𝒊𝒊𝒃𝒃𝒃𝒃𝒕𝒕𝟐𝟐

𝒎𝒎𝟏𝟏

𝑩𝑩𝑩𝑩𝒕𝒕𝟏𝟏

𝑩𝑩𝑩𝑩𝒕𝒕𝟐𝟐

𝒎𝒎𝟐𝟐

Voltage Source Inverters Vector Space Decomposition (VSD)

𝒗𝒗𝜶𝜶𝜷𝜷

𝒊𝒊𝜶𝜶, 𝒊𝒊𝜷𝜷

𝒗𝒗𝑿𝑿𝒀𝒀

𝒊𝒊𝑿𝑿𝒀𝒀

Clarke Trans

𝒗𝒗𝒐𝒐𝟏𝟏𝒐𝒐𝟐𝟐

𝒊𝒊𝒐𝒐𝟏𝟏𝒐𝒐𝟐𝟐

𝜽𝜽𝒎𝒎
𝒊𝒊𝒅𝒅𝒅𝒅

𝒗𝒗𝒅𝒅𝒒𝒒

𝒊𝒊𝒅𝒅𝒛𝒛𝒒𝒒𝒛𝒛

𝒗𝒗𝒅𝒅𝒛𝒛𝒒𝒒𝒛𝒛

𝜽𝜽𝒎𝒎

dq Trans

𝜽𝜽𝒎𝒎

𝒗𝒗𝒐𝒐𝟏𝟏𝒐𝒐𝟐𝟐

𝒊𝒊𝒐𝒐𝟏𝟏𝒐𝒐𝟐𝟐
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2.1 System Modelling without considering Iron Loss

Modelling without considering Iron Loss → Maximum Torque per Ampère (MTPA)

Similarity for equivalent circuit of other fictious machines

𝒆𝒆𝒐𝒐𝟏𝟏 ,𝒆𝒆𝒐𝒐𝟐𝟐

𝒊𝒊𝒐𝒐𝟏𝟏 , 𝒊𝒊𝒐𝒐𝟐𝟐

𝒊𝒊𝒅𝒅, 𝒊𝒊𝒒𝒒

𝒗𝒗𝒅𝒅,𝒗𝒗𝒒𝒒

𝒊𝒊𝒅𝒅𝒛𝒛 , 𝒊𝒊𝒒𝒒𝒛𝒛

𝒊𝒊𝒅𝒅𝒛𝒛 , 𝒊𝒊𝒒𝒒𝒛𝒛

𝒆𝒆𝒅𝒅𝒛𝒛 ,𝒆𝒆𝒒𝒒𝒛𝒛

𝒗𝒗𝒅𝒅𝒛𝒛 ,𝒗𝒗𝒒𝒒𝒛𝒛

𝒆𝒆𝒅𝒅, 𝒆𝒆𝒒𝒒

𝒊𝒊𝒅𝒅, 𝒊𝒊𝒒𝒒

𝒊𝒊𝒐𝒐𝟏𝟏 , 𝒊𝒊𝒐𝒐𝟐𝟐

𝒗𝒗𝒐𝒐𝟏𝟏 ,𝒗𝒗𝒐𝒐𝟐𝟐

Equivalent Circuits

𝚪𝚪𝒓𝒓𝒓𝒓

𝛀𝛀

𝛀𝛀

𝚪𝚪𝒆𝒆𝒆𝒆

𝛀𝛀

𝚪𝚪𝑶𝑶

E-M Conversion

𝛀𝛀

𝚪𝚪𝒕𝒕𝒕𝒕𝒕𝒕

Torque Coupling

𝛀𝛀

𝚪𝚪𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍

𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳

Shaft Load
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2.2 System Modelling considering Iron Loss

𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳

𝒊𝒊𝒇𝒇𝒅𝒅𝒇𝒇𝒒𝒒
𝒗𝒗𝒐𝒐𝒅𝒅𝒐𝒐𝒒𝒒

𝒗𝒗𝒐𝒐𝒅𝒅𝒐𝒐𝒒𝒒

𝒊𝒊𝒐𝒐𝒅𝒅𝒛𝒛𝒐𝒐𝒒𝒒𝒛𝒛

𝒗𝒗𝒐𝒐𝒅𝒅𝒛𝒛𝒐𝒐𝒒𝒒𝒛𝒛
𝒊𝒊𝒇𝒇𝒅𝒅𝒛𝒛𝒇𝒇𝒒𝒒𝒛𝒛

𝒗𝒗𝒐𝒐𝒅𝒅𝒐𝒐𝒒𝒒

𝒗𝒗𝒐𝒐𝒅𝒅𝒛𝒛𝒐𝒐𝒒𝒒𝒛𝒛

Equivalent Circuits

𝒊𝒊𝒅𝒅𝒅𝒅

𝒗𝒗𝒅𝒅𝒅𝒅

𝒊𝒊𝒅𝒅𝒛𝒛𝒒𝒒𝒛𝒛

𝒗𝒗𝒅𝒅𝒛𝒛𝒒𝒒𝒛𝒛

𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳

𝒊𝒊𝒐𝒐𝟏𝟏𝒐𝒐𝟐𝟐

𝒊𝒊𝒇𝒇𝒐𝒐𝟏𝟏𝒇𝒇𝒐𝒐𝟐𝟐

𝒗𝒗𝒐𝒐𝒐𝒐𝟏𝟏𝒐𝒐𝒐𝒐𝟐𝟐

𝒊𝒊𝒐𝒐𝟏𝟏𝒐𝒐𝟐𝟐

𝒗𝒗𝒐𝒐𝟏𝟏𝑶𝑶𝟐𝟐

𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳

𝒊𝒊𝒐𝒐𝟏𝟏𝒐𝒐𝟐𝟐

𝒊𝒊𝒐𝒐

𝒆𝒆𝒐𝒐𝒅𝒅

𝒗𝒗𝒐𝒐

𝒊𝒊𝒐𝒐

𝒆𝒆𝒐𝒐𝟏𝟏

𝛀𝛀

𝚪𝚪𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍

𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳

Shaft Load

𝚪𝚪𝒓𝒓𝒓𝒓

𝛀𝛀

𝛀𝛀

𝚪𝚪𝒆𝒆𝒆𝒆

E-M Conversion

𝚪𝚪𝒐𝒐

𝛀𝛀

𝛀𝛀

𝚪𝚪𝒕𝒕𝒕𝒕𝒕𝒕

Torque Coupling

Maximum Torque per Loss (MTPL)
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« 3. Inversion-based Control with Maximum Torque Distribution per 
Loss »
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3.1 General Strategies

𝒊𝒊𝒐𝒐𝒅𝒅𝒛𝒛𝒒𝒒𝒛𝒛

𝒆𝒆𝒐𝒐𝒅𝒅𝒛𝒛𝒒𝒒𝒛𝒛

𝒆𝒆𝒐𝒐𝒅𝒅𝒐𝒐𝒒𝒒

𝒊𝒊𝒐𝒐𝒅𝒅𝒐𝒐𝒒𝒒

𝒊𝒊𝒐𝒐𝒐𝒐𝟏𝟏𝒐𝒐𝟐𝟐

𝒆𝒆𝒐𝒐𝒐𝒐𝟏𝟏𝒐𝒐𝟐𝟐

𝛀𝛀

𝚪𝚪𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍

𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳

Shaft Load

𝚪𝚪𝒓𝒓𝒓𝒓

𝛀𝛀

𝛀𝛀

𝚪𝚪𝒆𝒆𝒆𝒆

E-M Conversion

𝚪𝚪𝒐𝒐

𝛀𝛀

𝛀𝛀

𝚪𝚪𝒕𝒕𝒕𝒕𝒕𝒕

Torque Coupling

Phase Current 
Sharing Strategy

𝛀𝛀𝒓𝒓𝒓𝒓𝒓𝒓

𝒌𝒌𝑨𝑨

Torque Component 
Sharing  Strategy

𝒌𝒌𝑻𝑻

Based on the relationship between 𝒊𝒊𝒅𝒅𝒅𝒅, 𝒊𝒊𝒅𝒅𝒛𝒛𝒒𝒒𝒛𝒛 with phase currents 𝒊𝒊𝒂𝒂𝟏𝟏𝒃𝒃𝟏𝟏𝒄𝒄𝟏𝟏 , 𝒊𝒊𝒂𝒂𝟐𝟐𝒃𝒃𝟐𝟐𝒄𝒄𝟐𝟐

𝚪𝚪𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

𝚪𝚪𝒆𝒆𝒆𝒆𝒓𝒓𝒓𝒓𝒓𝒓

𝚪𝚪𝒐𝒐𝒓𝒓𝒓𝒓𝒓𝒓

𝚪𝚪𝒕𝒕𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓

𝒊𝒊𝒐𝒐𝒐𝒐𝟏𝟏𝒐𝒐𝟐𝟐𝒓𝒓𝒓𝒓𝒓𝒓

𝒊𝒊𝒐𝒐𝒅𝒅𝒛𝒛𝒒𝒒𝒛𝒛𝒓𝒓𝒓𝒓𝒓𝒓

𝒊𝒊𝒐𝒐𝒅𝒅𝒐𝒐𝒒𝒒𝒓𝒓𝒓𝒓𝒓𝒓
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3.2 Specific case: Surface-mounted PMSM

𝒊𝒊𝒐𝒐𝟏𝟏 , 𝒊𝒊𝒐𝒐𝟐𝟐

𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳

𝒊𝒊𝒐𝒐𝒐𝒐𝟏𝟏 , 𝒊𝒊𝒐𝒐𝒐𝒐𝟐𝟐

𝒆𝒆𝒐𝒐𝒐𝒐𝟏𝟏 ,𝒆𝒆𝒐𝒐𝒐𝒐𝟐𝟐

𝜽𝜽𝒎𝒎
𝒊𝒊𝒐𝒐𝟏𝟏 , 𝒊𝒊𝒐𝒐𝟐𝟐

𝒗𝒗𝒐𝒐𝟏𝟏 ,𝒗𝒗𝒐𝒐𝟐𝟐

𝒗𝒗𝒐𝒐𝟏𝟏𝒐𝒐𝟐𝟐𝒓𝒓𝒓𝒓𝒓𝒓

𝒗𝒗𝒅𝒅𝒛𝒛𝒒𝒒𝒛𝒛𝒓𝒓𝒓𝒓𝒓𝒓

𝜽𝜽𝒎𝒎 ∫

𝚪𝚪𝒓𝒓𝒓𝒓

𝛀𝛀
𝛀𝛀

𝛀𝛀

𝚪𝚪𝒆𝒆𝒆𝒆

𝚪𝚪𝒕𝒕𝒕𝒕𝒕𝒕 𝛀𝛀

𝚪𝚪𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍

𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳

𝒗𝒗𝒂𝒂𝟏𝟏𝒃𝒃𝟏𝟏𝒄𝒄𝟏𝟏

𝒊𝒊𝒂𝒂𝟏𝟏𝒃𝒃𝟏𝟏𝒄𝒄𝟏𝟏

𝒊𝒊𝒂𝒂𝟐𝟐𝒃𝒃𝟐𝟐𝒄𝒄𝟐𝟐

𝒗𝒗𝒂𝒂𝟐𝟐𝒃𝒃𝟐𝟐𝒄𝒄𝟐𝟐

𝒗𝒗𝒃𝒃𝒃𝒃𝒕𝒕𝟏𝟏

𝒊𝒊𝒃𝒃𝒃𝒃𝒕𝒕𝟏𝟏
𝒎𝒎𝟏𝟏

𝑩𝑩𝑩𝑩𝒕𝒕𝟏𝟏

𝒗𝒗𝜶𝜶,𝒗𝒗𝜷𝜷

𝒊𝒊𝜶𝜶, 𝒊𝒊𝜷𝜷
𝒗𝒗𝑿𝑿,𝒗𝒗𝒀𝒀

𝒊𝒊𝑿𝑿, 𝒊𝒊𝒀𝒀
𝒗𝒗𝒃𝒃𝒃𝒃𝒕𝒕𝟐𝟐

𝒊𝒊𝒃𝒃𝒃𝒃𝒕𝒕𝟐𝟐
𝑩𝑩𝑩𝑩𝒕𝒕𝟐𝟐

𝜽𝜽𝒎𝒎

𝒗𝒗𝒅𝒅,𝒗𝒗𝒒𝒒

𝒊𝒊𝒅𝒅𝒛𝒛 , 𝒊𝒊𝒒𝒒𝒛𝒛

𝒗𝒗𝒅𝒅𝒛𝒛 ,𝒗𝒗𝒒𝒒𝒛𝒛

𝜽𝜽𝒎𝒎

Current Sharing 
Strategy

𝚪𝚪𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

𝚪𝚪𝒆𝒆𝒆𝒆𝒓𝒓𝒓𝒓𝒓𝒓 𝛀𝛀𝒓𝒓𝒓𝒓𝒓𝒓
𝚪𝚪𝒕𝒕𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓

𝒌𝒌𝑨𝑨

𝒗𝒗𝒐𝒐𝒅𝒅𝒒𝒒𝒓𝒓𝒓𝒓𝒓𝒓
𝒗𝒗𝒂𝒂𝟐𝟐𝒃𝒃𝟐𝟐𝒄𝒄𝟐𝟐𝒓𝒓𝒓𝒓𝒓𝒓

𝒎𝒎𝟏𝟏

𝒗𝒗𝒃𝒃𝒃𝒃𝒕𝒕𝟏𝟏𝒎𝒎𝒎𝒎𝒎𝒎
𝜽𝜽𝒎𝒎

𝒗𝒗𝜶𝜶𝜶𝜶𝒓𝒓𝒓𝒓𝒓𝒓

𝒗𝒗𝑿𝑿𝑿𝑿𝒓𝒓𝒓𝒓𝒓𝒓

𝒗𝒗𝒐𝒐𝟏𝟏𝒐𝒐𝟐𝟐𝒓𝒓𝒓𝒓𝒓𝒓

Torque Sharing 
Strategy𝒌𝒌𝑻𝑻

𝚪𝚪𝒐𝒐𝒓𝒓𝒓𝒓𝒓𝒓

𝒊𝒊𝒐𝒐𝒅𝒅𝒒𝒒𝒎𝒎𝒎𝒎𝒎𝒎𝒗𝒗𝒅𝒅𝒒𝒒𝒓𝒓𝒓𝒓𝒓𝒓

𝒎𝒎𝟐𝟐

𝒎𝒎𝟐𝟐

𝒗𝒗𝒃𝒃𝒃𝒃𝒕𝒕𝟐𝟐𝒎𝒎𝒎𝒎𝒎𝒎

Two isolated neutral points
→ 𝒊𝒊𝒐𝒐𝟏𝟏 = 𝒊𝒊𝒐𝒐𝟐𝟐 = 𝟎𝟎

Surface-Mounted PMSM
→ 𝚪𝚪𝒓𝒓𝒓𝒓 = 𝟎𝟎

…

…

𝒊𝒊𝒐𝒐𝒅𝒅𝒛𝒛𝒒𝒒𝒛𝒛𝒓𝒓𝒓𝒓𝒓𝒓

𝒊𝒊𝒐𝒐𝒅𝒅𝒅𝒅𝒓𝒓𝒓𝒓𝒓𝒓
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3.2 Specific case: Surface-mounted PMSM
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3.2 Maximum Torque Distribution per Loss

𝒊𝒊𝒐𝒐𝒐𝒐𝟏𝟏𝒓𝒓𝒓𝒓𝒓𝒓
, 𝒊𝒊𝒐𝒐𝒐𝒐𝟐𝟐𝒓𝒓𝒓𝒓𝒓𝒓

Current Sharing 
Strategy

𝚪𝚪𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

𝚪𝚪𝒆𝒆𝒆𝒆𝒓𝒓𝒓𝒓𝒓𝒓 𝛀𝛀𝒓𝒓𝒓𝒓𝒓𝒓
𝚪𝚪𝒕𝒕𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓

𝒌𝒌𝑨𝑨

𝒊𝒊𝒐𝒐𝒅𝒅𝒛𝒛𝒓𝒓𝒓𝒓𝒓𝒓 , 𝒊𝒊𝒐𝒐𝒒𝒒𝒛𝒛𝒓𝒓𝒓𝒓𝒓𝒓

𝒊𝒊𝒐𝒐𝒅𝒅𝒓𝒓𝒓𝒓𝒓𝒓 , 𝒊𝒊𝒐𝒐𝒒𝒒𝒓𝒓𝒓𝒓𝒓𝒓

Constant Torque

Torque Distribution

𝐼𝐼: phase current amplitude
Γ: torque generated by one star
0 < 𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 < 1: percentage of torque from first star
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« 4. Simulation Results with MATLAB/Simulink »
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4.1 Parameters and Simulation Scenario

Simulation Scenario:

- Investigate in different torque-speed steps

- Compare loss and high-efficiency region 
between Maximum Torque Distribution per 
Loss with Maximum Torque Distribution 
per Ampere.

- Neglect Flux-Weakening effect (constant 
rotor flux)

- Choose specific value for Iron Loss 
resistance to test the Control Method
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4.2 Simulation Results under Torque Distribution condition

Red: Maximum Torque Distribution per Ampère
Green: Maximum Torque Distribution per Loss
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Red: Maximum Torque Distribution per Ampère (MTPA)
Green: Maximum Torque Distribution per Loss (MTPL)

4.2 Simulation Results under Torque Distribution condition 0.7-0.3
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« 5. Conclusion»

Future Works:
- Calculate Iron Loss 

resistance with FEM, 
Neural Network

- Consider the transient 
time in optimal control

EMR of Dual Three-Phase drive

General Modeling and 
Control scheme

Iron Loss 
representation

Maximum Torque Distribution per Loss

Torque Distribution via 
Current Sharing strategy
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Thanks for your attention !
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