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Using the Magnetic Equivalent Circuit Model  
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 Abstract: This paper introduces the modeling and fault diagnosis of rotor 

eccentricities of permanent magnetic synchronous  machine (PMSM). The modeling 

of machine in healthy and fault condition have been proposed based on magnetic 

equivalent circuit (MEC). Nevertheless, the research methods of diagnosis and 

modeling are common, this paper tends to provide a fast computation and more 

detailed model with reasonable degree of accuracy. Firstly, the MEC modeling of 

PMSM in the electric and magnetic fields are introduced and next, the different fault 

conditions are carried out. Also to consider the eccentricity fault of an interior 

mounted PMSM, a methodology based on MEC is proposed. The accuracy of this 

model will be verified by comparing with identical results obtained by finite element 

method (FEM). 

 Keywords: Magnetic equivalent circuit (MEC), Permanent Magnetic 

Synchronous Machine (PMSM), magnetic saturation, eccentricity, finite element 

method (FEM). 

 

1   Introduction 

HOOSING an accurate and trusted 

modeling for evaluating the 

performance of electrical machines with healthy and 

fault conditions, is very necessary for any study. 

Varied techniques have been proposed in literature 

to investigate the electromagnetic performance of 

electrical machines. Mostly the popular electrical 

machine modeling techniques are classified in two 

general parts and typically use the analytical and 

numerical methods to solve the electromagnetic 

equations [1]-[11]. Herein, analytical methods are 

sensorial, quick and nearly non-accurate to evaluate 

the performance of electrical machines [1]-[5], 

versus the numerical methods are actual, more 

accurate and needful computation time [6]-[14]. 
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Ignoring the geometry, curvature and tangential 

component of magnetic flux in analytical methods, 

especially when the air-gap length is not sufficiently 

small, result to considerable wrongs [2].  In other 

words, in cases where accuracy is a major intention, 

analytical techniques are not suggested. 

Accordingly, when the details of electrical machine 

performance are essential, the numerical models are 

preferred. The main advantages of numerical method 

are considering the real features as nonlinear 

magnetization curve of core, complex geometries, 

flux fringing effect and skewed slots, but are 

computationally demanding. But, due to the long 

computing time required of the numerical methods, 

these techniques are not well suited where intensive 

computational effort is necessary as the online 

controlling of machine output, machine optimization 

process and so on.  

The recent researches indicate that, the most 

encouraging numerical methods are winding 

function theory (WFT) [12-13], conformal mapping 

(CM) [14], magnetic equivalent circuit method 

(MEC) [6]-[11] and finite element analysis (FEA) 

[12]-[14]. However, the WFT and CM techniques, 
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are non-precise methods as not able to model the 

core saturation effect and the air gap of electrical 

machine which are practically the main defects of 

the WFT and CM for detailed model such as 

eccentricity fault. Conversely the finite element 

method (FEM) can exactly model the electrical 

machines performance in different conditions. 

However, due to the FEM method is 

computationally intensive time-consuming, this 

technique commonly is used to verify the analytical 

model in conclusive study step. Moreover, the MEC 

modeling features such as the capability of machine 

geometry modeling and containing the time 

harmonics, which caused this technique to be 

accurate, fast and moderate complexity to evaluate 

the performance of electrical machines [7]. 

 Accordingly, the MEC modeling is a preferred 

technique in variety healthy and faulty conditions 

such as skewed slots, deep bar contracture, core 

saturation and hysteresis, short circuit and open 

circuit faults, end winding leakage flux, torque and 

voltage ripples in a different machine [15-16]. 

Furthermore, there are lots of considerable works on 

MEC modeling of resolvers, in recent years [17–18]. 

On the other hand, the mechanical faults 

generally included the air gap eccentricity, are 

common faults of the electrical machines, which 

contribute to almost 40–50% of all machine faults 

[19], and can be occurred due to environmental 

vibrations, rotor misalignment, overload and so on. 

Therefore, it is particularly significant to study this 

fault modeling and detection of PMSM. So far, 

different techniques have been used to modeling the 

rotor eccentricity fault in the electrical machines 

[20]-[27]. Hence, by attention to the advantages of 

the MEC modeling in variety healthy and faulty 

conditions, to propound eccentricity fault of an 

interior PMSM, a methodology based on MEC is 

proposed in this paper. The presented model 

according to the previous works is a detailed model 

where considering the static and dynamic rotor 

eccentricities. In this modeling, the variable 

geometrical parameters and the nonlinear 

phenomenal such as core saturation, slot structure, 

space harmonics, are considered. Therefore, the 

provided model is an accurate and fast solution for 

analysis of machine in the rotor eccentricity 

diagnostic process.  

The purpose of this paper is first, to explain the 

MEC modeling of machine in healthy and rotor 

eccentricity conditions and then, to illustrate the 

variations frequency between the influences of static 

and dynamic rotor eccentricities on the unbalanced 

magnetic force (UMF). It will be shown that the 

MEC model results are closer to the FEM model 

results and can be a proper substitution to the FEM 

in machine modeling under fault and fault diagnosis 

process. 

2   Interior PMSM Modeling 

2.1 Magnetic equivalent circuit technique 

In this section the reluctance network of an 

interior PMSM is provided by choosing the suitable 

elements and parameters in numerical method of 

MEC technique. Moreover, the accuracy of the 

presented MEC modeling depends on the number of 

flux tubes and their relationship in the reluctance 

network. As well as, expected results accuracy of the 

proposed modeling depends on the mathematical 

formulation based on the flux tubes behaviors. 

 After defining all probable flux paths in machine 

construction, suitable reluctances or permeances are 

determined for each flux tubes, according to their 

material, dimensions and nonlinear behavior. Hence, 

the presented relations for flux tubes of magnetic 

core sections that have a magnetic saturation 

phenomenon are inherently nonlinear and in the air 

gap distance where are function of the rotor position, 

are parametrically nonlinear. The other types of 

permeances that have constant geometry and linear 

permeability, are constant permeances. 

Consequently, a reluctance network is created 

with a set of nodes and loops in which the KVL and 

KCL equations can be determined using circuit 

theorems. This method has been performed in 

different references for various electric machines in 

similar ways. Fig. 1 shows the schematic of the 

interior mounted PMSM studied in this paper.  

 

Fig. 1 General schematic of interior mounted PMSM. 
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According to the above description, a part of the 

magnetic equivalent circuit of this machine is 

developed as shown in Fig. 2. As can be seen in this 

figure, the nonlinear reluctances are used for all iron 

parts and the linear magnetic permeances are used 

for the air gap between the stator teeth. Also, the 

nonlinear parametric permeances depending on the 

position of the rotor are used between the stator and 

rotor cores. In terms of circuit theory, a permanent 

material acts as a constant flux sources that, can be 

represented by a mmf source in series with constant 

reluctance. 

 

Fig.  2 A part of the magnetic equivalent circuit of 

PMSM. 

According to the above explanations about the 

equivalent circuit, two points are very important. 

First, providing a suitable and accurate mathematical 

relation for nonlinear reluctances of core to be able 

to model the core saturation behavior, appropriately. 

Secondly, the relationships of the air gap 

permeances have a periodic manner as the rotor is 

rotating. For this purpose, the selection of these 

elements is done as follows. 

For obtaining the air gap permeances relations 

between the rotor and the stator cores, first the 

behavior of these permeances, for example between 

the i-th-stator tooth and the j-th rotor tooth, 𝐺𝑖.𝑗, are 

evaluated as shown in Fig. 3. 

 
Fig. 3 The air gap permeances approximation, 𝐺𝑖.𝑗. 

 As can be seen in this diagram, when both the 

stator tooth and the rotor tooth completely overlap 

with each other, the magnetic conduction is formed 

completely, and by passing these teeth in front of 

each other, this overlap condition and magnetic 

conductivity decreases. This behavior is repeated 

with each rotation of the rotor and thus the air gap 

permeances relationships must be periodic. 

Consequently, the relation of 𝐺𝑖.𝑗, is performed as:

Gi.j(θ) = {

Gmax                                                                      0 < θ < θt    .   
′ 2π − θt 

′ < θ < 2π
 

Gmax

U[-0.81+Cos(θ)] × (1+Cos(10θ))

2
         θt 

′ < θ < θt 
   .   2π − θt 

 < θ < 2π − θt 
′
 (1) 

 

where, U[𝜃] is the unit step function, 𝜃 is the 

rotor position and 𝐺𝑚𝑎𝑥 is the maximum air gap 

permeance where the stator and rotor poles are 

alignment. The periodic property of Cosine function 

in 𝐺𝑖.𝑗  , cause to have a periodic manner. 

Also the constant permeances relations between 

the stator teeth which, have constant topology and 

permeability, are obtained as: 

𝐺𝑠𝜎 =
𝑙𝑠𝑎

𝐴𝑠𝑎 ∗ µ0

 (2) 

Moreover, the various relation can be used for 

the nonlinear behavior modeling of the core 

magnetic saturation, but the convenient way that 

proposed previously [9-10], is the reluctance relation 

of the core flux tube as: 

ℜ(𝐵) =
𝐿

𝜇(𝐵)𝐴
=

10−3  𝐿

𝐴 𝜇0 𝑒−0.8×𝐵2 (3) 

where 𝐿 and 𝐴 are the length and the cross 

section of the different parts of the stator and the 

rotor cores, and 𝐵 is the flux density of the core 

different parts and 𝜇(𝐵) is the core permeability that 

was done in various form in different literatures that 

in this paper, the above relation is used. The 

reluctances of the permanent magnet part of the rotor 

poles are also modeled according to the fixed 

geometry and the permeability coefficient close to 

one as following relation: 

ℜ𝑝𝑚 =
𝐿𝑝𝑚

𝜇0𝐴𝑝𝑚

 (4) 

where 𝐿𝑝𝑚 and 𝐴𝑝𝑚 are the length and the cross 

section of the different parts of the PM poles. 

Another important point is to determine the 

sources of magnetic potential, namely MMF, in an 

exact equivalent reluctance network. So, the correct 
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choice of these sources is very essential to attain the 

correct answer. In the equivalent circuit of a PMSM 

machine, there are two categories of magnetic 

potential sources. One of them is the magnetic 

source on the stator side, which determines the 

relationship of three-phase currents in the magnetic 

equivalent circuit, namely (ℱsi). According to 

Ampere Law and choosing a contour between two 

adjacent teeth, each of these sources is determined 

equal to the algebraic sum of ampere turn flowing 

inside the same contour. For this reason, determining 

the winding map in this section is very important. 

Another category of magnetic sources is the MMF 

sources of the permanent magnet poles, namely 

(ℱ𝑝𝑚) which have constant relations, according to 

their magnetic properties. 

In this way, the reluctance network of machine is 

obtained by specifying the elements of the magnetic 

equivalent circuit and considering the possible paths 

of fluxes. According to the circuit analysis theory 

and evaluating the KVL and KCL equations for 

every mesh and node of presented reluctance 

network, unknown variables such as fluxes, could be 

solved. One category of these equations is in the 

form of algebraic relations pertaining to the loops 

and nodes in the equivalent circuit and the other 

category is the differential equations between the 

fluxes passing through the phase coils and their 

induced voltages. These equations are derived as 

flowing: 

2.1.1   The Magnetic Algebraic Equations of 

PMSM 

As mention above, the magnetic algebraic 

equations are included the loops and nodes equations 

and due to the high number of air gap permeances, 

cause a lot of loops equations. Thus, the node 

magnetic potential equations (KCL) to each air gap 

nodes of the stator and rotor cores are applied. 

Hence, by attention to Fig. 2, the KCL’s law of 

magnetic fluxes in 𝑖-th stator and in 𝑗-th rotor air gap 

nodes can be obtained respectively as: 

𝜑𝑠𝑡.𝑖 = 2𝑢𝑠𝑡.𝑖𝐺𝑠𝜎 − 𝑢𝑠𝑡.𝑖+1𝐺𝑠𝜎 − 𝑢𝑠𝑡.𝑖−1𝐺𝑠𝜎

+ 𝑢𝑠𝑡.𝑖 ∑ 𝐺𝑖.𝑗 − ∑ 𝑢𝑟𝑡.𝑗𝐺𝑖.𝑗

16

𝑗=1

16

𝑗=1

 
(5) 

𝜑𝑟𝑡.𝑗 = 2𝑢𝑟𝑡.𝑗𝐺𝑟𝜎 + 𝑢𝑟𝑡.𝑗+1𝐺𝑟𝜎 + 𝑢𝑟𝑡.𝑗−1𝐺𝑟𝜎

+ 𝑢𝑟𝑡.𝑗 ∑ 𝐺𝑖.𝑗 − ∑ 𝑢𝑠𝑡.𝑖𝐺𝑖.𝑗

21

𝑖=1

21

𝑖=1

 
(6) 

where 𝜑𝑠𝑡.𝑖  , 𝜑𝑟𝑡.𝑗  ,  𝑢st.𝑖  and  𝑢rt.𝑗  are the 𝑖-th 

stator tooth flux, the 𝑗-th rotor section flux, 𝑖-th 

magnetic potential of stator tooth and 𝑗-th magnetic 

potential of rotor section in the air gap respectively. 

Also, 𝐺𝑠𝝈 and 𝐺𝑟𝝈 are the constant permeances of 

stator and rotor cores in in the air gap respectively.  

Furthermore, due to the Fig. 2, the number of 

circuit loops in the stator and rotor cores is low and 

thus, the mesh magnetic potential equations (KVL) 

to each loops of the stator and rotor cores are applied.  

The KVL’s law of magnetic fluxes in 𝑖-th stator 

loops of the stator yoke and in 𝑗-th rotor loops of 

rotor section above PM poles can be obtained 

respectively as Eqs. (7) and (8). 

where 𝜑𝑠𝑦.𝑖 and   ℱst.𝑖  are the 𝑖-th stator yoke flux 

and the 𝑖-th MMF of stator tooth respectively, and  

𝜑𝑝𝑚.𝑗 and 𝑅𝑝𝑚 are the 𝑗-th PM flux and the 

reluctance of PM poles respectively. Also, 𝑅𝑠𝑡 , 𝑅𝑠𝑦  

, 𝑅𝑟𝑡  and 𝑅𝑟𝑦 are the inherently nonlinear 

reluctances of stator and rotor cores respectively and 

as seen, these reluctances are dependent on core 

fluxes. The general form of the KVL equations in the 

adjacent PM poles parts of the rotor can be written 

as Eq. (9): 

ℱ𝑠𝑡.𝑖 − ℱ𝑠𝑡.𝑖−1 = 𝑅𝑠𝑦.𝑖 [
𝜑𝑠𝑦.𝑖

𝐴𝑠𝑦

] ∗ 𝜑𝑠𝑦.𝑖 + 𝑅𝑠𝑡.𝑖 [
𝜑𝑠𝑡.𝑖

𝐴𝑠𝑡

] ∗ 𝜑𝑠𝑡.𝑖 − 𝑅𝑠𝑡.𝑖−1 [
𝜑𝑠𝑡.𝑖−1

𝐴𝑠𝑡

] ∗ 𝜑𝑠𝑡.𝑖−1 + (𝑢𝑠𝑡.𝑖 − 𝑢𝑠𝑡.𝑖−1) (7) 

0 = 𝑅𝑝𝑚 ∗ 𝜑𝑝𝑚.𝑗 − 𝑅𝑝𝑚 ∗ 𝜑𝑝𝑚.𝑗−1  + 𝑅𝑟𝑡.𝑗 [
𝜑𝑟𝑡.𝑗

𝐴𝑟𝑡

] ∗ 𝜑𝑟𝑡.𝑗 − 𝑅𝑟𝑡.𝑗−1 [
𝜑𝑟𝑡.𝑗−1

𝐴𝑟𝑡

] ∗ 𝜑𝑟𝑡.𝑗−1 + (𝑢𝑟𝑡.𝑗 − 𝑢𝑟𝑡.𝑗−1) (8) 

2ℱ𝑝𝑚 = 𝑅𝑟𝑦.2 [
𝜑𝑟𝑦.2

𝐴𝑟𝑦.2

] ∗ 𝜑𝑟𝑦.2+𝑅𝑟𝑐.1 [
𝜑𝑟𝑐.1

𝐴𝑟𝑐.1

] ∗ 𝜑𝑟𝑐.1+𝑅𝑟𝑐.2 [
𝜑𝑟𝑐.2

𝐴𝑟𝑐.2

] ∗ 𝜑𝑟𝑐.2 + 𝑅𝑝𝑚 ∗ 𝜑𝑝𝑚.𝑗+1 + 𝑅𝑝𝑚 ∗ 𝜑𝑝𝑚.𝑗+2

+ 𝑅𝑟𝑡.𝑗+1 [
𝜑𝑟𝑡.𝑗+1

𝐴𝑟𝑡

] ∗ 𝜑𝑟𝑡.𝑗+1 + 𝑅𝑟𝑡.𝑗+3 [
𝜑𝑟𝑡.𝑗+3

𝐴𝑟𝑡

] ∗ 𝜑𝑟𝑡.𝑗+3 + (𝑢𝑟𝑡.𝑗+1 − 𝑢𝑟𝑡.𝑗+2) 

(9) 

where 𝜑𝑟𝑦   , 𝜑𝑟𝑐   and ℱ𝑝𝑚 are the rotor yoke flux, 

the rotor core flux and the magnetic potential of PM 

poles respectively. Also, 𝑅𝑠𝑡  , 𝑅𝑠𝑦  , 𝑅𝑟𝑡  , 𝑅𝑟𝑦 and 𝑅𝑟𝑐 

are the inherently nonlinear reluctances of the stator 

teeth and yoke, the rotor teeth, yoke and cores 

respectively and as seen, these reluctances are 

dependent on core fluxes.  

As mentioned above, by driving the KCL 

equations of each air gap nodes of the stator and rotor 

cores, and the KVL equations of each loops of the 
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stator and rotor cores together, the total algebraic 

equations are resulted. 

2.1.2   The Dynamical Differential Equations of 

PMSM 

The dynamic behaviors of an electrical machine, 

due to their storage elements, are defined by the 

differential equations of the mechanical and 

electrical fields. In fact, the electrical differential 

equations are the relationship between the induced 

voltages in the windings and the fluxes passing 

through those windings, and the mechanical 

differential equations are the relationship between 

the variations of rotor displacement angle and the 

electromagnetic torque. It should be noted that these 

equations are first order, and most of them are 

nonlinear. The system of electrical differential 

equations can be expressed in vector form by: 

𝑣𝑠 = 𝑅𝑠𝑖𝑠 +
𝑑

𝑑𝑡
𝛬𝑠 (10) 

Here 𝑣𝑠 denotes the vector of applied 

voltages, 𝑅𝑠 is the matrix of winding resistances, 𝑖𝑠 

is the vector of currents in the windings and Λ𝑠 is the 

vector of flux linkages. If, 𝑓, denotes a general 

symbol, these Introducing vectors is defined as: 

𝑓𝑠 = [𝑓𝑎  𝑓𝑏  𝑓𝑐] 𝑇 (11) 

The mechanical differential equations for a 

rotating machine yield: 

𝑑𝜃

𝑑𝑡
= 𝜔 (12) 

𝐽
𝑑𝜔

𝑑𝑡
= 𝑇𝑒𝑚 − 𝑇𝑙 (13) 

where 𝜃, 𝜔, 𝐽, 𝑇𝑙    and  𝑇𝑒𝑚 are the rotor 

displacement angle, angular speed, total inertia on 

the shaft, the load torque on the shaft, and the 

electromagnetic torque, respectively.   

Also, the electromagnetic torque of a rotational 

electrical machine will be generated if any of the air 

gap flux tube's dimensions is changed and thus, is a 

function of derivatives of air gap permeances by the 

rotor displacement angle, 𝜃, as long as there is an 

mmf drop on each them as following:  

𝑇𝑒𝑚 =  ∑ ∑ (𝑢𝑖
𝑠𝑡 − 𝑢𝑗

𝑟𝑡)
216

𝑗=1

21

𝑖=1

𝑑𝐺𝑖.𝑗(𝜃)

𝑑𝜃
 (14) 

It is important that, one can see the algebraic 

equations resulting from the reluctance network and 

the differential equations of the dynamical behaviors 

are nonlinear and completely dependent on another 

one that cannot be solved by the analytical solution 

methods. Therefore, this system of equations must 

be solved simultaneously and numerically. In this 

way, by obtaining all the algebraic and differential 

equations governing the magnetic, electrical and 

mechanical equivalent circuit of the machine, a 

comprehensive analysis of the machine behavior can 

be resulted. In the following sections, the results of 

this modeling will be evaluated in several 

conditions, and also, another numerical method, the 

finite element analysis method, which will be 

described in brief, will be used for validation. 

2.2   Finite Element Analysis Technique 

The finite element analysis method (FEM) is a 

numerical solution technique for evaluating 

performance of a wide range of engineering 

applications. Lately, this method is considered as an 

important tool to investigate the structures with 

complex geometry, due to its high capability and 

flexibility. Although in contrast to the advantages of 

FEM to compute dynamics of electrical machine, the 

long computation time necessary is still the main 

limit to a wider acceptance of this method, which in 

many applications of optimization and online 

behavior analysis will be challenge. However, in this 

paper, the two-dimensional FEM will be used to 

prove and validate the proposed magnetic equivalent 

circuit modeling. 

In the FEM technique, the electromagnetic 

structure of the machine is first broken into small 

finite components, which are called elements, and 

whatever these elements are selected smaller, cause 

the higher accuracy and longer time of analysis. 

Accordingly, the discretizing or the mesh plot of the 

electromagnetic structure of the studied PMSM 

machine and its flux density graph are resulted as 

shown in Fig. 4. Then by applying the Maxwell 

equations in to all finite elements of electromagnetic 

structure, the magnetic field behavior and flux 

distribution in throughout PMSM machine 

construction can be concluded. In this article, 

Maxwell Software is used to investigate of different 

modes of PMSM machine conditions and also, used 

to evaluate the accuracy of the MEC results. 

3   Investigation Proposed MEC Modeling of 

PMSM Machine  

Table 1 shows the dimensional information and 

parameters of a three-phase, four-pole, PMSM 

machine. In this section, first, the accuracy of 

proposed MEC modeling of an interior PMSM 

machine as modeled in the previous sections, in a 

healthy and symmetrical conditions is evaluated. 
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 (a)                                                                                        (b) 

Fig. 4 a) Plot mesh b) Flux density graph of the studied PMSM.

Table 1 The nominal parameters and dimensional 

information of PMSM 

Quantity Value 
Output power 500 W 

Number of pole 4 

Slot Numbers 21 

Rated speed 1500 rpm 
Rated phase current 9 A 

Phase number 3 

Number of turns of each phase 

coil 
150 

Stator outer diameter (𝐷𝑠𝑜)
 

120 mm
 Stator inner diameter (𝐷𝑠𝑖) 75 mm

 Rotor outer diameter (𝐷𝑟𝑜)
 

74 mm
 Rotor inner diameter (𝐷𝑟𝑖) 26 mm
 Stack length

 
65 mm

 Permanent Magnet
 

NdFeB
 

PM length
 

3 mm 

Air gap length
 

0.5 mm 

For this purpose, three-phase currents diagram of 

the stator windings and the produced 

electromagnetic torque are resulted according to the 

full load condition as shown in Figs 5 and 6 

respectively. As can be seen in Fig. 6, the 

electromagnetic torque curve that, resulted from 

MEC modeling, is also compared with FEM 

technique, which is well shown the acceptable 

accuracy of the presented case study MEC model. 

Also, the spent time in the MEC is much less than 

the time required for simulation with the finite 

element software. Due to flexibility of the MEC 

method in different status, thus, it is possible to 

evaluate the machine behavior under the influence of 

different error condition, specially can be analyzed 

the rotor eccentricity fault and its effect on machine 

performance. In the next section, the eccentricity 

fault of rotor is evaluated in different situations. 

3.1   Rotor Eccentricity Fault 

An eccentricity fault occurs in the electrical 

machine when a displacement between the 

cylindrical centers of the stator and rotor is taken 

place and hence the air gap symmetry is destroyed. 

In this status, the rotation axis of the rotor is 

displaced relative to the stator. 

 
Fig. 5 Full load three-phase current of PMSM in healthy 

condition. 

 
Fig. 6 Produced torque of PMSM in full load and healthy 

condition. 

This displacement causes the unbalanced 

distribution of the linkage fluxes between the stator 

and rotor cores, and therefore extends a serious 

effect on the machine behavior, especially produces 

the vibration and noise on the output torque. 

Eccentricity faults mainly have been categorized in 

various literatures as static eccentricity (SE), 

dynamic eccentricity (DE) and mixed eccentricity 

(ME).
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(a)                                                                                                      (b) 

Fig. 7 a) Symmetrical position of PMSM in healthy condition and b) Permeances between stator and rotor teeth. 

 
                                                    (a)                                                                                    (b)  

Fig. 8 a) Unsymmetrical position of PMSM in static eccentricity fault, and b) Permeances between stator and rotor teeth. 

 In static eccentricity, the displacement between 

the stator and rotor center has a constant value and 

for dynamic eccentricity, the minimum distance of 

the air gap rotates with the rotation of the rotor. 

Accordingly, when these phenomena are happened 

together, leads to the mixed eccentricity. In this 

paper, these types of eccentricity fault are 

investigated using the magnetic equivalent circuit 

method for an interior PMSM. The symmetrical 

position of the rotor and stator centers relative to 

each other in the healthy condition is shown in Fig. 

7-a. As shown in this figure, the air gap is perfectly 

uniform (the air gap is plotted larger for better 

representation), and this results in the same values of 

the magnetic conductions (permeances) between the 

stator and rotor teeth as illustrated in Fig. 7-b. 

3.2   Modeling of Static Eccentricity Fault  

The static eccentricity fault of rotor occurs often 

in installing the electrical machine horizontally and 

the deficiency of the machine bearings which 

creating the axial force in the vertical direction. In 

this case, the rotor core is removed from the center 

and causes the air gap between the rotor and stator to 

decrease on one side and increase on the other side. 

Thus, the rotation axis of the rotor corresponds to its 

axis of symmetry, but is displaced relative to the 

stator center as shown in Fig. 8-a. As shown in this 

figure, the air gap is not constant, and this results in 

non-uniformly distribution of the magnetic 

conductions between the stator and rotor teeth as 

illustrated in Fig. 8-b. The side where the rotor is 

close to the stator has the highest magnetic 

conductivity and the side where the rotor is far from 

the stator, has the least magnetic conductivity. In this 

way, the static eccentricity fault can be modeled by 

presenting the appropriate relation of air gap length 

as follows. According to the diagram in Fig. 8, the 

proposed relation of air gap length must be time 

invariant and is depended to rotor position as: 

𝐿𝑔(𝜃) = 𝐿𝑔0(1 + 𝛿 𝑐𝑜𝑠(𝜃))

= 𝐿𝑔0(1 + 𝛿 𝑐𝑜𝑠 𝜔𝑟𝑡) 
(15) 

where 𝐿𝑔0 is the initial air gap length in healthy 

condition, 𝜃 is the rotor position, 𝜔𝑟 is the angular 

velocity, and δ is the value of the positive error 

coefficient in the static eccentricity state. In the 

healthy condition, the value of δ is equal to zero, and 

by changing its value from zero to one, the fault 

percent can be changed from zero to 100%. For 

example, here the fault of 35% of the rotor deviation 

from the normal center of under study machine for 

static eccentricity is evaluated. In this case, using 



 
 
 

 
8 

 
 

V. Naeini and M. Momeni Eccentricity Fault Modeling and Diagnosing of …  

 

Iranian Journal of Electrical and Electronic Engineering, Vol. 19, No. 1, 2023 

Equation (15), the length of the air gap between the 

rotor and stator is expressed as: 

𝐿𝑔[𝜃] = 0.5 (1 + 0.35 𝐶𝑜𝑠[𝜔𝑟𝑡]) × 10−3 (16) 

The diagram of air gap length in 35% static 

eccentricity is resulted as Fig. 9. 

 
Fig. 9 Diagram of air gap length in 35% static 

eccentricity. 

The faulty PMSM machine performance in 35% 

static eccentricity case has been evaluated in the 

MEC modeling, as well as the stator currents and the 

output torque have been shown in Figs. 10 and 11, 

respectively. As it can be seen, unsymmetrical stator 

currents are produced due to the rotor eccentricity 

fault where an oscillation is mounted on the currents 

amplitude with a frequency lower than the base 

frequency value, and therefore, this fault is detectible 

by stator  currents signature analysis. Also, referring 

Fig. 11, it is very clear that the torque oscillation has 

been increased and the average torque range has 

moreover changed from the nominal value. 

 
Fig. 10 Stator currents in 35% static eccentricity. 

 
Fig. 11 Output torque in 35% static eccentricity. 

If the amount of static eccentricity fault changes 

from the normal case to maximum of 80% of the 

healthy state, the magnitude of torque ripples and the 

torque average amplitude in all modes are simulated 

and summarized as a function of fault percentage as 

shown in Fig. 12. As can be seen in this figure, 

corresponding to increasing the eccentricity fault 

percentage, the value of output torque average and 

ripple is increased. This is due to the unbalanced 

distribution of the linkage fluxes which, creating the 

vertical forces between the stator and rotor cores. 

 
Fig. 12 Effect of static eccentricity fault on output 

torque average and ripple. 

3.3   Modeling of Dynamic Eccentricity Fault  

The dynamic eccentricity fault of rotor may be 

due to improper placement of bearings, the stator and 

rotor ovalization, and misalignment of the load and 

rotor shaft which leads to unbalanced  magnetic 

forces in the horizontal and vertical directions. 

Therefore, the deformed air gap between the rotor 

and stator can be decreased on one side and 

increased on the other side as a function of time 

alternately. In this case, the rotation axis of the rotor 

is changed constantly, according to the stator center 

as illustrated in Fig. 13-a. So, the magnetic 

conduction diagram of an instance permeance 

between a stator and rotor teeth at three different 

times is shown in Fig. 13-b.  As is clear, in this case, 

the amplitude of air gap permeances are changed 

alternatively relative to time, unlike static 

eccentricity fault. In this way, the dynamic 

eccentricity fault can be modeled according to the 

diagram in Fig. 13, which, the relation of air gap 

length must be time variant and depended to rotor 

position as: 

𝐿𝑔𝑑(𝑡) = 𝐿𝑔0(1 + 𝑎  𝑐𝑜𝑠(𝑏 𝑤𝑟𝑡)) (17) 

where 𝒂 and 𝒃 are the positive constant 

coefficients that, 𝒂, determines the amount of rotor 

eccentricity fault and, 𝒃, determines the frequency of 

fault variations. In the healthy condition, the value 

of 𝒂 is equal to zero, and by changing its value from 

zero to one, the fault percent can be changed from 

zero to 100%. 
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a)                                                                            b) 

Fig. 13 a) Rotor unsymmetrical position of PMSM and b) Permeances between the stator and rotor teeth in dynamic 

eccentricity fault. 

But, the coefficient 𝒃, determines the amount of 

oval movement of rotor from circularity movement 

or the rate of change of eccentricity fault relative to 

the base frequency of the machine rotation. If this 

coefficient is equal to one, the frequency of oval 

movement of rotor is the same as the synchronous 

frequency, it means that the point where the rotor is 

close to the stator and also the point where the rotor 

is far away from the stator always remains constant 

and therefore this is a static eccentricity fault as Eq. 

(15). But when the frequency of oval movement of 

rotor is other than the synchronous frequency, the 

point where the rotor approaches the stator or moves 

away from it, constantly changes and causes 

different amount of the output torque ripples at 

different frequencies. As seen, by changing 

coefficient 𝒃, different dynamic eccentricity faults 

can be achieved. For example, here the fault of 35% 

of the rotor deviation from the normal center of 

under study machine with half frequency of fault 

variations is evaluated as: 

𝐿𝑔𝑑(𝑡) = 0.5 × (1 + 0.35 𝐶𝑜𝑠(0.5 𝑤𝑟𝑡)) (18) 

The faulty PMSM machine performance in 35% 

dynamic eccentricity case has been evaluated in the 

MEC modeling, as well as the stator currents and the 

output torque have been shown in Figs. 14 and 15, 

respectively.  

 
Fig. 14 Stator currents in 35% dynamic eccentricity. 

Fig. 15 Output torque in 35% dynamic eccentricity. 

Referring these figures, it is very clear that the 

average torque amplitude has increased and the 

torque ripple has been decreased unlike the 

corresponding static eccentricity fault. 

If the amount of dynamic eccentricity fault 

changes from the normal case to maximum of 80% 

of the healthy state, the magnitude of torque ripples 

and the torque average amplitude are simulated and 

summarized as a function of fault percentage as 

shown in Fig. 16. As can be seen in this figure, 

corresponding to increasing the eccentricity fault 

percentage, the value of output torque average is 

decreased and the value of output torque ripple is 

increased. This is due to the disturbance in the air-

gap field distribution which, causes the unbalanced 

radial forces between the stator and rotor and, thus, 

some signals within the motor. 

 
Fig. 16 Effect of dynamic eccentricity fault on output 

torque average and ripple. 
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3.4 The Effect of Dynamic Eccentricity 

Frequency on Torque Ripple 

In order to observe the effect of different level of 

dynamic eccentricity fault on output torque ripple, 

the introduced MEC model is applied in the dynamic 

eccentricity condition at different frequencies. The 

coefficient 𝒃, in the proposed Eq. (17), determines 

the rate of change of eccentricity fault relative to the 

base frequency of the machine rotation. In fact, this 

coefficient is varied in different conditions of 

eccentricity fault and depends on the condition of the 

faulty electric machine. Since, in this section, the 

coefficient 𝒃, is gradually increased from the value 

of 0 to 5, where, the frequencies amplitude are varied 

from zero to five times the main frequency, namely, 

250 Hz. Fig. 17 shows the variation of the 

amplitudes of the output torque ripples in different 

level (or different frequency) of dynamic 

eccentricity fault at full load and 35% DE.  

 
Fig. 17 Variation of the output torque ripples in different 

level of dynamic eccentricity. 

Consequently, referring to Fig. 17, it is clear that, 

the appearing fault and the frequency of variation, 

indicates the fault degree. As can be seen in this 

figure, if the coefficient 𝒃, or the frequency of fault 

variations is a positive integer multiple of the main 

frequency, the torque ripple value is decreased. But 

if the coefficient 𝒃, or the frequency of fault 

variations is a positive non-integer, the torque ripple 

value is increased. By investigating of results it 

seems that in the integer multiple of the main 

frequency, the dynamic eccentricity faults have 

turned into a static eccentricity faults, which it 

remains almost constant at a certain value. 

According to this resultant, it was pondered that the 

frequency of eccentricity faults can affect the output 

torque ripples.  

4   Conclusion 

In this paper, the detailed modeling of an interior 

PMSM using the MEC was introduced. The merit of 

the proposed MEC model is considering the core 

saturation and the distribution of air gap permeances 

that, leading to more detailed calculated torque. The 

time-domain results in MEC as well as FEM were 

compared and it was shown that the results of the 

presented MEC model is closer to that of the FEM. 

This indicates the efficiency of the proposed MEC 

method as it has a higher speed and acceptable 

accuracy. Finally, several cases of eccentricity fault 

in a PMSM motor was illustrated. According to the 

simulation results, it was observed that the rotor 

eccentricity faults can affect the output torque and 

stator current of the machine. So, the eccentricity 

fault detection is simple by solely analyzing the 

output torque and the stator current compared with 

the healthy status.  
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