
Fast calculation of the airgap flux density 
distribution based on subdomain and permeance 

magnetomotive force models of electrical machines
 

Emile Devillers 
EOMYS ENGINEERING 
Lille-Hellemmes, France 

emile.devillers@eomys.com 

Jean Le Besnerais 
EOMYS ENGINEERING 
Lille-Hellemmes, France 

jean.lebesnerais@eomys.com 

Abstract—This paper deals with two fast and accurate 
analytical models (subdomain and permeance magnetomotive 
force models) for the calculation of the airgap flux density 
distribution in main electrical machine topologies. Such models 
can be efficiently used for the vibroacoustic predesign of 
electrical machines. Both analytical models are illustrated for 
various topologies and operating points, including healthy and 
faulty conditions, and validated with numerical simulations. 
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I. INTRODUCTION 

The design of electrical machines generally relies on the 
computation of the electromagnetic flux density inside the 
machine. In particular, the airgap magnetic field can be used 
to estimate many design parameters such as average torque, 
torque ripple, back electromotive forces, magnetic losses and 
magnetic forces for the calculation of electromagnetically-
excited noise and vibrations (called e-NVH in automotive 
electric powertrain). e-NVH calculations require a high level 
of accuracy on time and space airgap flux density distribution 
in order to capture the smallest electromagnetic excitations, 
i.e. Maxwell stress excitations at the interface between air and 
magnetic cores, which may induce large noise and vibration 
levels due to potential resonances with the structure.  

Regarding the airgap magnetic flux density computation, 
three types of methods are generally used: analytical, 
numerical and hybrid methods - combinations of the two first 
ones. Numerical methods – usually Finite-Element Analysis 
(FEA) - are very flexible to various geometries. They also 
include materials with non-linear and non-homogeneous 
properties and enable coupling with other physics. Yet, this 
high level of complexity induces very time-consuming 
simulations, especially at variable speed to catch sharp 
resonance peaks with structural modes [1]. Besides, the 
intrinsic high time and space discretization is often time-
consuming and may lead to inaccuracies due to irregular mesh 
[2]. Consequently, fully numerical simulations are usually 
prohibited at least for the early design steps of the machine 
and might also provide limited physical insight to understand 
root causes of e-NVH issues in electrical machines. 

For e-NVH prediction purpose, analytical models can be 
advantageously used as they are much faster (within a few 
seconds) and give accurate results providing simplifying 
assumptions. In this paper, two analytical models are 
compared with FEA for the prediction of Maxwell stress 
excitations, regarding the accuracy versus computation time 
trade-off and for various kinds of electrical machines. The first 
model is the Permeance/Magnetomotive Force model 
(PMMF) [3], and the second one is the Subdomain Model 

(SDM) [4]. The investigated machine topologies are the main 
topologies used in the automotive sector, including Interior 
Permanent Magnet Synchronous Machines (IPMSM), 
Induction machines (SCIM), Wound Rotor Synchronous 
Machines (WRSM) and Switched Reluctance Machines 
(SRM) for traction application and Surface Permanent Magnet 
Synchronous Machines (SPMSM) for electric pumps.  

In Section II, both PMMF model and SDM are presented 
as well as their relevancy in e-NVH simulations. In Section 
III, comparisons between FEA, PMMF model and SDM are 
performed based on the harmonic content of the radial airgap 
flux density, under no-load and load conditions, in both 
healthy and faulty cases. All simulation results come from 
MANATEE simulation software [5], dedicated to the 
integrated electromagnetic and vibroacoustic simulation of 
electrical machines for design and troubleshooting purposes. 

II. PRESENTATION OF THE TWO MAIN MODELS 

A. Permeance MagnetoMotive Force (PMMF) model 

1) Principle 

PMMF model is an analytical model which gives the radial 
component of the flux density in the middle of the airgap. 
Stator and rotor iron cores are assumed to be infinitely 
permeable, meaning their reluctance is null. The radial flux 
density �� results from the product of the airgap permeance Λ 
with the sum of rotor and stator MagnetoMotive Forces 
(MMF) ���� and ����: 

����, 
�=Λ��, 
�. �	���
���, 
�	�	������, 
��	 (1)  

The airgap permeance Λ accounts for any flux density 
harmonics due to any cause of airgap length variation, 
including: 

• Stator and rotor slotting effects (slot/pole 
combinations, slot geometry etc.) 

• Static and dynamic eccentricities 
• Uneven airgap, e.g. due to imperfect rotor/stator 

bore roundness or flux concentration in IPMSM 
• Magnetic saturation since it can be seen as a local 

permeance drop 
 

Moreover, ���� and ���� represent magnetic source 
distribution along the airgap, respectively on stator and rotor 
sides, hence include any flux density harmonics related to: 

• Winding pattern (number of phases, slot/pole 
combinations etc.) 

• Permanent magnet distribution (magnetization 
pattern, magnet geometry, etc.) 



• Control strategy (current waveform, switching 
harmonics such as PWM, etc.) 

• Current/Voltage supply (back-EMF, Rotor Slot 
Harmonics (RSH), saturation etc.) 
 

2) Advantages, limits and extensions 

The main advantage of PMMF model is to separate the 
physical origins of the Maxwell excitations into the three 
previous quantities: airgap permeance, stator and rotor MMF. 
In terms of computation time, PMMF model is the fastest 
model to obtain the airgap radial flux density distribution in 
electrical machines. However, PMMF standard model cannot 
compute the tangential flux density, hence it only yields the 
radial component of the magnetic stress by applying the 
Maxwell Stress Tensor (MST) in the middle of the airgap: 

����, 
� ≈ 	
��
���, 
�

2��
 (2)  

It has been shown that neglecting both tangential 
components of flux density and of Maxwell stress has 
generally a negligible impact on the noise and vibrations level 
in electrical machines with small airgaps [6]. Besides, PMMF 
can be extended to the tangential component using the 
Complex Permeance approach [7], based on conformal 
mapping, FEA or SDM prior computation. However, the 
tangential stress (including average torque and torque ripple) 
computed with Complex Permeance is less accurate than FEA 
and SDM [7]. Hence SDM should be rather used for the fast 
computation of Maxwell stress in electrical machines with 
large airgap (e.g. SPMSM, IPMSM and WRSM). 

B. SubDomain Model (SDM) 

1) Principle 

The subdomain method consists in dividing the electrical 
machine into physical regions named subdomains in which it 
is possible to analytically solve Maxwell equations. These 
latter are expressed in function of the Magnetic Vector 
Potential (MVP) �, from which derives the magnetic flux 
density �: 

� = � × � (3)  

The MVP formulation results in solving the following 
magnetostatic equation: 

��� = −����� − ��� ×� (4)  

where � is the magnetization, � is the current density, �� 
is the void magnetic permeability, and �� is the uniform 
relative permeability of the subdomain. 

The MVP solution is expressed in Fourier series from 
which are derived the Fourier of both radial and tangential flux 
densities in each subdomain, including the airgap. 

1) Advantages, limits and extensions 

The main SDM advantage is to give both radial and 
tangential components of the Maxwell Stress Tensor in the 
middle of the airgap: 
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As reviewed in [8], the other advantages are the 
applicability to many kinds of topologies, and the absence of 
meshing error thanks to the formulation in Fourier series. 
Assuming magnetic linearity, it is also possible to isolate both 
contributions of stator and rotor MMF such as in PMMF 
model by running two separated simulations (which is not 
time consuming when dealing with fast models). Finally, 
SDM can account for magnetic saturation using finite 
permeable subdomains [9], or by coupling with reluctance 
model [10] or FEA [11]. 

The main drawback is the use of simplifications, such as 
simplifying machine geometry to fit with polar or Cartesian 
coordinate systems, while considering uniform and linear 
magnetic permeability. The second drawback is the 
computation time when considering doubly slotted machines 
(such as SCIM, SRM, WRSM etc.) which is intrinsically 
proportional to the number of rotor positions [8], such as FEA. 
Therefore, PMMF model is much faster than SDM and may 
be as accurate for doubly slotted machines with smaller airgap 
(e.g. SCIM, SRM). 

C. Relevancy of PMMF and SDM for e-NVH purpose 

1) e-NVH ranking 

Since PMMF model and SDM offer a very good 
compromise between accuracy and computation time for the 
prediction of Maxwell stress excitations, they can be used in 
the early e-NVH design stages of an electrical machine to rank 
different topologies regarding the emitted Sound Power Level 
(SWL). In particular, both models enable to quickly compare 
different topologies (PMSM, SCIM etc.), investigate different 
slot/pole combinations, winding patterns, etc. For example in 
SCIM, the number of rotor bars can have an impact of +/- 20 
dB on the emitted SWL [12], which highlights the importance 
of running such sensitivity studies at early design stage. 

Besides, both PMMF model and SDM also provide an 
insight on the main design quantities (torque, electromotive 
force, losses etc.), so that global optimization can be 
performed on both electromechanical and vibroacoustic 
performances. 

2) e-NVH trouble shooting 

PMMF model and SDM can also be used to find the root 
causes of e-NVH issues, meaning to determine what are the 
physical origins of the Maxwell excitations which are 
responsible for most of the emitted SWL. In fact, both 
analytical models enable to decompose both radial and 
tangential components of the airgap flux density as the sum of 
a stator contribution ��, 

�  and of a rotor contribution ��, 
� : 
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By injecting Equation (7) in Maxwell Stress Tensor (for 
example in Equation (2) for PMMF model), one obtains the 
equation giving stator and rotor contributions to Maxwell 
stress excitations in time and space domains: 

����, 
� ≈ 	
���
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Therefore, in the most general case, there are actually three 
different physical origins of stress excitations: 



• Stator to stator flux density interactions 
• Rotor to rotor flux density interactions 
• Stator to rotor flux density interactions 

 
In fact, not all of these interactions do coexist in electrical 

machines. For example in SRM, Maxwell stress excitations 
only result from stator origins, while in PMSM at open-circuit 
they only result from rotor origins. 

Then, PMMF model goes further into the physical 
description by decomposing each contribution into the 
product of a permeance and a MMF (cf. Equation (1)), hence 
isolating further the different physical sources of Maxwell 
stress excitations (slotting, magnetization, PWM, etc.).  

Finally, the convolution approach can be used to link the 
harmonic content of flux density distribution (and harmonic 
content of permeance, stator and rotor MMF for PMMF 
model) with the harmonic content of the Maxwell stress 
distribution [13]. Therefore, convolution approach determines 
rotor and/or stator contribution, physical nature (permeance, 
magnetization, winding pattern, etc.) and concerned harmonic 
orders. 

3) e-NVH mitigation 

Once main origins of e-NVH have been determined, 
PMMF model and SDM can also be used to choose among 
cancellation or reduction techniques and adapt them to solve 
the e-NVH issues specific to the machine. There are many 
kinds if reduction techniques: active or passive, dealing with 
the electromagnetic excitations (generally the most effective 
way to reduce noise) or with the structural/acoustic response.  

Regarding passive techniques, the most used techniques 
are skewing, slot and pole shaping and notching to reduce 
specific excitations. All of these techniques can be 
investigated using PMMF model and SDM. In particular, 
skewing can be introduced by using the multi-slicing 
technique for the same accuracy level compared with running 
a full 3D FEA model [14]. 

Regarding active techniques, both analytical models can 
be advantageously used to test different control strategies 
including switching strategies (sine PWM, space vector 
PWM, random PWM etc.), while it may be very time-
consuming using a strongly coupled electric and 
electromagnetic numerical model to catch high frequencies. 
PMMF model and SDM are also suited to investigate a 
potential trade-off between torque production and noise 
emission, as well as advanced active reduction techniques 
such as harmonic current injection. 

III.  COMPARISON EXAMPLES BETWEEN FEA, PMMF AND SDM 

A. Studied electrical machines description 

The studied SPMSM is a 12s8p topology with tooth 
concentrated windings used in [4]. 

The studied IPMSM is the 48s8p topology of Toyota Prius 
2004 with V-shape magnets and single layer distributed 
windings, with and without flux concentration. 

 
Fig.  1 Machine topologies used for the comparison examples 

The studied SCIM is a 48s30r4p topology used in railway 
traction application [15]. 

The studied WRSM is the 48s4p topology from Renault 
Zoe with double layer distributed windings and rotor pole 
shaping. The studied SRM is a 8s6r topology [16]. 

B. SPMSM 12s8p 

1) Open-circuit healthy case 

The airgap flux density at no-load case is compared in Fig.  
2 for both analytical models and validated with magnetostatic 
FEA (MANATEE coupling with FEMM [17]). For SPMSM, 
PMMF model gives less accurate results since the permeance 
approach [3] does not account for the radial permeance 
increase near tooth corners. 

 

 
Fig.  2 Radial flux density in open-circuit case for SPMSM 12s8p 

2) Full-load healthy case 

The airgap flux density is computed at full-load case with 
stator nominal current and represented in Fig.  3. 



 

 
Fig.  3 Radial flux density in full-load case for SPMSM 12s8p 

3) Open-circuit faulty case: 10% demagnetization on 2nd 
permanent magnet 

The second permanent magnet (south pole) is 10% 
demagnetized to see the effect on the radial flux density, as 
illustrated in Fig.  4. The demagnetization introduces parasitic 
harmonics, especially subharmonics. 

 

 
Fig.  4 Radial flux density with demagnetization fault for SPMSM 12s8p 

C. IPMSM 48s8p (Toyota Prius 2004) 

In this example, and concerning both analytical models, 
the airgap flux density is computed using the MANATEE-
FEMM coupling to get the rotor MMF, while slotting effect is 
directly included in the analytical model [11]. 

1) No-load (open-circuit) healthy case 

The airgap flux density at no-load case is shown in Fig.  5. 

 

 
Fig.  5 Radial flux density in open-circuit case for IPMSM 48s8p 

2) Full-load healthy case 

The airgap flux density is computed at full-load case with 
stator nominal current and represented in Fig.  6. Both 
analytical models give less accurate results than FEA because 
the effect of stator currents on both stator and rotor saturation 
levels is not accounted for. However, these analytical models 
can still predict very well the harmonic content of the radial 
magnetic force distribution [11]. 

 

 
Fig.  6 Radial flux density in full-load case for IPMSM 48s8p 

1) Open-circuit case with flux concentration 

In this example, both analytical models are used to 
investigate the smoothing effect of flux concentration on flux 
density harmonic content, as illustrated in Fig.  7, in 
comparison with Fig.  5. 
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Fig.  7 Radial flux density in open-circuit case for IPMSM 48s8p and with 
flux concentration  

D. SCIM 48s30r4p 

1) No-load (slip=0%) healthy case 

The airgap flux density at no-load case is shown in Fig.  8. 

 

 
Fig.  8 Radial flux density in no-load case for SCIM 48s30r4p 

2) Full-load (slip=5%) healthy case 

At full-load case, rotor bar currents are computed from an 
external Electrical Equivalent Circuit (EEC) and injected in 
the PMMF model, while they are directly computed in the 
SDM by solving Helmholtz equation in rotor bar subdomains 
[15]. Both analytical models are validated using transient FEA 
[18]. The airgap flux density is illustrated at full-load in Fig.  
9. PMMF model gives less accurate results since only the 
fundamental rotor bar currents is computed by this EEC. 

 

 
Fig.  9 Radial flux density in full-load case for SCIM 48s30r4p 

3) No-load (slip=0%) faulty case: 10% rotor eccentricity 

The effect of 10% rotor eccentricity is illustrated in Fig.  
10. One can clearly notice the apparition of sidebands around 
the fundamental flux. In fact, rotor eccentricity introduces 
sidebands around each original harmonic. 

 

 
Fig.  10 Radial flux density in no-load case for SCIM 48s30r4p with 10% 
rotor eccentricity 

E.  Other examples 

1) WRSM 48s4p (Renaut Zoe): open-circuit healthy case 

The airgap flux density at no-load case is shown in Fig.  
11. Both analytical models account for the curvature radius of 
the rotor pole shoe, which smoothes the rotor induced flux 
density waveform. 
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Fig.  11 Radial flux density in open-circuit case for WRSM 48s4p 

2)  SRM 8s6r: full-load healthy case 

The airgap flux density is illustrated in Fig.  12 at full-load 
case. 

 

 
Fig.  12 Radial flux density in full-load case for SRM 8s6r 

IV. CONCLUSION 

It is shown that both PMMF and Subdomain models can 
provide the airgap flux density distribution with a high 
accuracy level and much faster than FEA. Both models are 
suitable to the e-NVH (noise and vibrations under 
electromagnetic excitations) study of the main electrical 
machine topologies, in healthy and faulty conditions. 

In terms of accuracy versus computing time trade-off, both 
models are complementary to simulate the main electrical 
machine topologies. In general, PMMF model is much faster 
than SDM and may be as accurate for doubly slotted machines 

with smaller airgap (e.g. SCIM, SRM). SDM should be rather 
used for electrical machines with large airgap (e.g. SPMSM, 
IPMSM and WRSM). 
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