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Objectives
 Compare air-gap stress 

wave 𝑃r(Rag) based on 

Maxwell Stress Tensor
(MST)  and the equivalent
yoke stress wave 𝑃r(Rsy).

 Quantify the respective 
contributions of the air-
gap transfer and the 
modulation effect.

 Compatibility of analytical
cylindrical shell model 
with tangential forces.

𝑃r(Rsy)

𝑃r(Rag)

𝑃r(Rsbo)

Air-gap 
Transfer 

Tooth
modulation 
effect

Air-gap Transfer (TR)

Applying MST along a circular contour in the middle of the air-gap leads to the
following approximation of the magnetic radial surface force [1]:

𝑃r 𝜃, Rag =
1

2μ0
𝐵r
2 𝜃, Rag −

μ0
2

𝐻θ
2 𝜃, Rag

𝑃𝜃 𝜃, 𝑅𝑎𝑔 = 𝐵𝑟 𝜃, 𝑅𝑎𝑔 𝐻𝜃 𝜃, 𝑅𝑎𝑔

For the study of electrical machines the Fourier transform of the AGSF is the most
useful form:

𝑃r Rag, 𝜃 = 

𝑛=−𝑁

𝑛= +𝑁

𝑃r,𝑛 Rag 𝑒𝑗𝑛𝜃 and 𝑃𝜃 Rag, 𝜃 = 

𝑛=−𝑁

𝑛= +𝑁

𝑃𝜃,𝑛 Rag 𝑒𝑗𝑛𝜃

These stress waves depend on Rag [2,3]. Stress waves on the tip of the teeth can be

computed from according to the transfer law:

𝑃r,𝑛 Rsbo = 𝑆𝑛 𝑃r,𝑛 Rag + 𝑗𝐶𝑛 𝑃𝜃,𝑛 Rag
𝑃𝜃,𝑛 Rsbo = 𝑆𝑛 𝑃𝜃,𝑛 Rag − 𝑗𝐶𝑛 𝑃𝑟,𝑛 Rag

Tooth mechanical modulation build the 

equivalent yoke stress wave 𝑃r,𝒎(𝐑𝐬𝐲)

based on tooth tip force 𝑃r,𝒏(𝐑𝐬𝐛𝐨) [3,4]:

𝑃r,𝒎(𝐑𝒔𝒚) =
𝐑𝐬𝐛𝐨

𝐑𝒔𝒚

𝒎 sin 𝒏
𝜋

Zs

𝒏 sin 𝒎
𝜋

Zs

𝑃r,𝒏(𝐑𝐬𝐛𝐨)

where  𝒎 = 𝒏 − 𝑘Zs , with 𝑘 ∈ 𝐙

and 𝒎 ≤
Zs

2

Radial Tangential

The equivalent yoke radial force wave
𝑃r,𝒏(𝐑𝐬𝐲) based on tooth tip 

tangential force 𝑃r,𝒏(𝐑𝐬𝐛𝐨) based on 
constant tooth torque [5]:

𝑃r,𝒏 𝐑𝒔𝒚 = 𝐾𝑟𝜃 𝑃𝜃,𝒏(𝐑𝐬𝐛𝐨)

𝐾𝑟𝜃 = −2 j Zs
𝐑𝐬𝐲 − 𝐑𝐬𝐛𝐨

2𝜋𝐑𝐬𝐲
sin 𝒏

𝜋

Zs

 Air-gap tangential stress waves
contributes to yoke radial 
stress.

 Air-gap radial and tangential
stress waves are « sampled » by 
the  teeth.

Numerical Application: Turbo Alternator
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Modulation effect without tangential stress 
(MOD rad) is clearly underestimating the 
4th wavenumber.

 Air-gap transfer amplifies the modulation 
effect.
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 Tangential stress waves have an influence on both air-gap transfer and 
modulation effect.

 Modulation effect on the radial direction alone is negligible with high Zs.

 Air-gap transfer alone is noticeable, 
thanks to the wide air-gap 
topology.

 Air-gap transfer and modulation 
combined effect could have high 
influence on predicted vibrations.

 Air-gap transfer could
amplifiy high 
wavenumbers


