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 Abstract—Equations to calculate inductances of 

induction motors, considering non-uniform air-gap, 
are proposed. The analyzed air-gap variations are 
static and dynamic eccentricity and stator slots. The 
equations for inductance calculation, obtained from 
the modified winding functions and the energy 
stored in the air-gap, allow considering the effect of 
rotor bar skewing. Experimental results that 
validate the proposed method are presented. 
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I. INTRODUCTION 

The conventional d-q model of an induction motor (IM) 
is based on the assumption that the stator phase 
windings and the squirrel cage can be modeled as three-
phase winding sets, sinusoidally distributed. This 
implies that the harmonics of the winding distribution 
are neglected in the analysis of the machine. A model 
based on the geometry and winding distribution, having 
no restrictions regarding its symmetry, is more suitable 
for the motor analysis and simulation under asymmetry 
and fault conditions. 

In Toliyat et al. (1991), a multiple-coupled circuit 
machine model and a method to calculate the mutual 
inductances, known as "Winding Function Approach" 
(WFA), was presented. This model was used for the 
analysis of concentrated winding IM in adjustable speed 
drive applications. A detailed depiction of the 
procedure, needed to implement such model, together 
with simulation results for an IM, was presented in Luo 
et al. (1995). By means of this model, all the harmonics 
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of the spatial winding distribution are taken into 
account, with no restrictions concerning the symmetry 
of both the stator windings and the rotor bars. Hence, 
this model has been applied in the analysis of 
asymmetry and fault conditions in IM. The WFA has 
also been used in the analysis of a five-phase reluctance 
motor Toliyat et al. (1992). 

In Luo et al. (1995), Toliyat and Lipo (1995), 
Milimonfared et al. (1999), Joksimovic and Penman 
(2000) and Nandi and Toliyat (2002), the WFA was 
used to analyze IM faults such as shorting, opening and 
abnormal connections of the stator phase circuits, as 
well as broken rotor bars and cracked rotor end rings. 
The analysis of static and dynamic eccentricity effects 
using the cited model is presented in Toliyat et al. 
(1996) and Joksimovic et al. (2000). The authors of 
these works calculate the inductances using the 
equations presented in Luo et al. (1995), which do not 
take air-gap variations into account. From this analysis, 
the mutual inductances between stator phase and rotor 
loops (Lsr) are different from those between the rotor 
loops and stator phase (Lrs), and it is difficult to find a 
physical meaning for this asymmetry. In Al-Nuaim and 
Toliyat (1998), a modification of this method, 
considering air-gap eccentricity, is proposed and used in 
the analysis of dynamic eccentricity in a synchronous 
machine. The new method was called "Modified 
Winding Function Approach" (MWFA), and it has been 
applied to analyze static, dynamic, and mixed 
eccentricity in IM by Nandi et al. (1997), Nandi et al. 
(2001) and Nandi et al. (2002). 

In the previous works, based on WFA or MWFA, 
the machine analysis is carried out assuming uniformity 
down the axial length of the motor. That is, without 
skew and with uniform air-gap along the rotor. In 
Joksimovic et al. (1999), the skew effect on the 
inductances is analyzed using the equations developed 


