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Abstract: Fault diagnosis and condition monitoring of synchronous machines running
under load is a key determinant of their lifespan and performance. Faults such as broken rotor
bars, bent shafts and bearing issues lead to eccentricity faults. These faults if not monitored
may lead to repair, replacement and unforeseen loss of income. Researchers who attempted
to investigate this kind of machine stopped at characterizing and deduced ways, types and
effects of rotor eccentricity fault on the machine inductances using the winding function
method. A modified closed-form analytical model of an eccentric synchronus reluctance
motor (SynRM) is developed here taking into cognizance the machine dimensions and
winding distribution for the cases of a healthy and unhealthy SynRM. This paper reports
the study the SynRM under static rotor eccentricity using the developed analytical model
and firming up the model with finite element method (FEM) solutions. These methods
are beneficial as they investigated and presented the influence of the degrees of static
eccentricity on the machine performance indicators such as speed, torque and the stator
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current and assess the extent to which the machine performance will deteriorate when
running with and without load. The results show that static eccentricity significantly affects
the machine’s performance as the degree of eccentricity increases.
Key words: degree of eccentricity, faults, finite element method, inductances, static eccen-
tricity, synchronous reluctance motor, winding function

1. Introduction

Synchronous machines are undoubtedly very useful in many facets of industrial applications.
Their performance is more sensitive in special applications. The synchronous reluctance motor
(SynRM) as a member of this family is popular now because of its unique features. SynRM
is robust, it requires no rotor windings and a permanent magnet for excitation, which makes
it cheaper than permanent magnet motors and is more efficient due to the absence of rotor
copper loss; it has high fault tolerance capability. Even with these qualities, stator winding faults,
broken rotor bar faults, bearing faults, rotor eccentricity faults, etc. are major faults that affect
SynRM general performance [1]. The rotor eccentricity fault occurs as a result of bearing offset
or stator deformation during the manufacturing and assembly stage which causes the air gap to be
unevenly distributed. The fault constitutes 70–80% of mechanical faults in the industry, therefore,
it is important to precisely monitor and characterize this kind of fault to avoid its escalation [2].

Eccentricity is majorly made up of static eccentricity (STE) and dynamic eccentricity (DYE).
The two co-exist to form the combined eccentricity (CME). Figure 1 shows how the three types
of eccentricities operate.

 

(a) STE (b) DYE (c) CME
◦ Centre of rotation x Centre of stator • Centre of rotor

Fig. 1. (a) STE; (b) DYE; (c) CME

Several techniques have been adopted by researchers in analysing SynRMs [2–6]. To keep
the machine’s healthy operation in check, constant monitoring of some performance indicators’
characteristics needs to be examined frequently to assess the motor’s general performance. Some
research work has been established in the areas of modelling, analysing, and detecting the eccen-
tricity fault in induction motors [7–9] and permanent magnet motors [10–12]. Popular among the
techniques applied to calculate the machine inductances are the winding function method (WFM)
and the modified winding function method (MWFM). The WFM is mostly adopted for a healthy
machines whose air gap is symmetrical or uniform [3, 15]. The MWFM is largely adopted for
faulty machines since it accounts for air gap eccentricity [5, 17, 18]. The work of [29] revealed
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that Modified Winding Function Theory (MWFTh) is generally accepted in analyzing rotating
electrical machines which have a very small air gap. The authors further stated that two different
approaches showed that the high-rated MWFTh formula is not applicable in analyzing machines
with large air gaps. Majority of the researchers who investigated faulty machines patronized
this method. The calculations of inductances of salient-pole synchronous motor operating under
eccentricity using MWFTh were done by [17, 20] and [21]. Again [21] developed an analytical
model that can compute the machine inductances under any kind of eccentricity. The method
was based on MWFA which took into account the variable air gap functions, the flux fringing
effects, slots effects and the three-dimensional distribution of machine windings. Instead of the
application of a modified winding function in calculating the machine inductances, a closed
form of the Fourier series expansion equation was developed by [22] which took into account
all the space harmonics to calculate the inductances. These results were verified with the FEM
which showed good agreement. Hwang et al. [23] investigated and compared the effect of rotor
eccentricity on magnetic flux density, average and cogging torque using a transient finite element
model for two three-phase, 6-pole, 36-slot IPM and surface-mounted synchronous motors. The
results were compared with those obtained from a symmetric rotor machine but [24] developed
a fundamental model that is based on sensor-less control of PM synchronous machine (PMSM)
under rotor eccentricity to investigate the effects of rotor eccentricity on inductances, flux linkage
and back E.M.F characteristics. The results showed that these indexes were grossly affected.
Takahata and Wakui [25] employed the finite element method (FEM) to investigate the effect of
rotor eccentricity on interior permanent magnet motor (IPMSM), it was concluded that IPMSM
with rotor eccentricity caused an increase in radial electromotive force and higher vibration ac-
celeration when compared with the healthy machine. The FEM is mostly used for modelling or
validating other results. Iamamura et al. [26] used the 2D and 3D-FEMs to detect the presence
of static and dynamic eccentricity on a synchronous generator and concluded that the methods
could identify the type of eccentricity affecting the machine while [27] investigated the torque
profile of a dynamic eccentric switched reluctance motor using 2D-FEM at different value of
currents. It was discovered that the torque increased as the rated current values increased. The
report in [11] used the FEM to validate all the results obtained from the analytical model at each
stage of calculations for concentrated windings PM synchronous machines with rotor eccentricity,
but [28] investigated how the presence of dynamic air gap eccentricity affected the inductances
and induced harmonics on the stator current of a salient pole synchronous machine with a faulty
rotor. The machine winding inductances were calculated using a modified winding function
approach. In Dorgan et al. [33] the effect of static eccentricity was investigated in LSPMSM
using the finite element method under load condition. The results show that, as the values of
eccentricity increased, the stator current also increased. Tootoonchian et al. [29] studied the effect
of static eccentricity using an analytical model and modern control rudiments by modelling the
eccentricity resolver which was based on a 𝑑–𝑞 synchronous coordinate system by varying the
values of 𝑑-axis and 𝑞-axis inductances (Ld and Lq). The results showed that the accuracy of the
resolver was affected by the presence of eccentricity. Bessou et al. [30] investigated the effect of
static eccentricity fault using the motor vibration signature analysis for detecting the fault and the
motor current signature analysis for establishing the type. The stator current was analyzed using
a fast Fourier transform and discrete wavelet transform. The author’s results showed that static
eccentricity causes acoustic noises and leads to flux density vibrations which were seen in the
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stator current spectrums. Aggarwal and Strangas [32] further applied four different methods to
investigate static eccentricity in IPMSM. El M. et al. [34] investigated mixed eccentricity fault
based on the neutral voltage between the main supply and the stator. The authors’ results show
that the line neutral voltage spectrum is subtle to air gap eccentricity compared to the stator
current spectrum. In the case of Wronski et al. [31], the authors applied the starting phase current
to investigate static and dynamic eccentricities using the discrete wavelet transform (DWT) and
transient motor current signature analysis (TMCSA) methods. The results from the application
percentage energy of DWT showed that dynamic eccentricity causes a rise in percentage energy
while static eccentricity leads to a decrease in percentage energy.

It is obvious from the findings that detailed work on the effect of static eccentricity on
synchronous reluctance motor performance has not been explored. But enormous publications
on eccentricity fault detection and modelling of induction machines have been recorded [37].
The majority of the researchers who attempted to investigate the synchronous reluctance machine
stopped at finding the effect of eccentricity fault on the inductances using the WEM while others
employed the stator current spectrum as the performance indicator to characterized and find the
types and effects of rotor eccentricity fault on the machine.

The purpose of this paper is to investigate the performance indicators of SynRM in terms of
speed, torque and stator current under static rotor eccentricity using a developed analytical model
and to validate the results with finite element method solutions to assess to what degree are the
indicators affected.

The procedure adopted here is to characterize the machine geometry completely and introduce
an analytical measure of eccentricity in a form in which it becomes a variable in the airgap model.
This is included in the airgap geometrical information as a variable displacement from the rotor
set-point center. The degree of this displacement variable determines the level of eccentricity.
Inductances are calculated by using the modified winding function (MWF) approach. Analytical
model was then developed in phase variables to include this actual rotor airgap information and
then the machine performance is studied by dynamic simulation in Simulink®. The effect of these
changes is then observed in the machine operational indices like inductances, current, torque and
speed departures from normal.

For this purpose, the article has been organized into the following Sections. The SynRM
with uniform and distorted air gaps described in Section 2, shall be modelled from a developed
algorithm to judge their winding symmetries using the motor. Section 3 will present the model
inductances expressions and plots calculated to exhibit the presence of rotor airgap variations on
the inductances. Section 4 presents the model equations developed in phase variable form to assess
the machine performance. Section 5 presents the digital simulation results for the performance
indices of the developed phase variable model and finite element method while the discussion of
the results is in Section 6. Finally, the conclusion is given in Section 7.

2. Analysis of SynRM with non-uniform airgap

The analysis of this machine begins with the modelling of the air gap because of the misalign-
ment of the rotating members (rotor, shaft and rotor bars) of the machine from the stator centre.
The results of the inverse air gap model are mostly needed for evaluating the machine inductances.
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These values are employed for calculating the healthy and faulty machine inductances considering
the rotating members’ new positions.

The machine under study in Fig. 2 is a 380 V, 5.5 kW three-phase, 36-slots, 4-pole salient
pole rotor SynRM with uniform (the point where all the axes coincide) and non-uniform air gap
distributions shown arbitrarily for the sake of analysis. Figure 2 was used for the analytical model.
The shift of the rotor members from their mutual centres; created an unequal distribution of air
gaps. These shifts are for 0.04, 0.08, . . . , 0.32 mm which represent 10%, 20%, . . . , 80% of the
air gap length of 0.4 mm of the motor from their mutual centre. In this context, the modelling and
analysis shall cover the percentage values of different degrees of eccentricities for the machine
with uniform and distorted air gaps.

Fig. 2. SynRM with 4-pole salient rotor

2.1. Modelling of the inverse air gap
It has been mentioned that the rotor members shall be shifted eight times to create an uneven

distribution of the air gaps for a specified degree of eccentricity faults. The effective air gap model
equations for the healthy and static eccentric machine can be deduced respectively as:

𝑔 (∅𝑠 , 𝜃𝑟 ) =
1

Δ1 − Δ2 cos 2(∅𝑠 − 𝜃𝑟 )
, (1)

𝑔 (∅𝑠 , 𝜃𝑟 ) =
(1 − 𝜕𝑠 cos(∅𝑠))

Δ1 − Δ2 cos 2(∅𝑠 − 𝜃𝑟 )
. (2)

The inverse air gap model equations were gotten by modifying (1) and (2) as shown.

𝑔−1 (∅𝑠 , 𝜃𝑟 ) = Δ1 − Δ2 cos 2 (∅𝑠 − 𝜃𝑟 ) , (3)

𝑔−1 (∅𝑠 , 𝜃𝑟 ) =
Δ1 − Δ2 cos 2 (∅𝑠 − 𝜃𝑟 )

(1 − 𝜕𝑠 cos(∅𝑠))
, (4)
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where Δ1 =
1
2

(
1
𝑔0

+ 1
𝑔1

)
and Δ2 =

2
𝜋

(
1
𝑔0

− 1
𝑔1

)
sin 𝜋𝛽 from which 𝑔0 is the main air gap length

at pole face, 𝑔1 inter-polar slot space and 𝛽 is the ratio of pole arc to pole pitch respectively, ∅𝑠
is the stator circumferential angle, 𝜃𝑟 is the rotor angle position and 𝜕𝑠 is the degree of static
eccentricity.

These models in (3) and (4) of the air gap were plotted in a MATLAB environment using the
machine dimensions of the healthy SynRM in Table 1. Figure 3 shows the values of the result of
the air gap functions model operating at the specified degrees of eccentricity faults.

Equation (4) is approximated as reported by [35] as

𝑔−1 (∅𝑠 , 𝜃𝑟 ) =
1

𝑔0
√︁

1 − 𝜕2
𝑠

+ 2
𝑔0

√︁
1 − 𝜕2

𝑠

(
1 −

√︁
1 − 𝜕2

𝑠

𝜕𝑠

)
cos(∅𝑠). (5)

Table 1. Synchronous reluctance motor parameters [20]

Parameter name Symbol Value Unit

Stator outer/inner radius 𝑅𝑠𝑜 105 mm

Stator inner radius 𝑅𝑠𝑖 67.99 mm

Rotor radius 𝑟 67.59 mm

Effective stack length 𝑙 106.22 mm

Permability of free space 𝜇0 4𝜋 × 10−7 H/m

Air gap length at the pole 𝑔0 0.40 mm

Interpolar slot depth 𝑔1 6.50 mm

Stator slot depth 𝜏𝑑 18.00 mm

Pole arc to pole pitch ratio 𝛽 2/3 –

Number of pole pairs 𝑝 2 –

Number of stator slots – 36 –

Frequency 𝑓 50 Hz

Number of rotor cage pars per pole – 6 –

Stator resistance 𝑅𝑠 0.62 Ω

Stator leakage inductance 𝐿𝑙𝑠 8.30 mH

Rotor 𝑞-axis leakage inductance 𝐿𝑙𝑞𝑟 6.20 mH

Rotor 𝑑-axis leakage inductance 𝐿𝑙𝑑𝑟 5.50 mH

Rotor 𝑞-axis resistance 𝑅𝑞𝑟 0.12 Ω

Rotor 𝑑-axis resistance 𝑅𝑑𝑟 0.12 Ω

Moment of inertia 𝐽 0.089 kgm2

Number of turns 𝑁 32 –

Stator slot pitch 𝜏 14.00 mm
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Fig. 3. Inverse air gap functions for healthy and 10% to 80% eccentric SynRM

2.2. Winding function model
According to [3], the inductance between any two windings on a rotating ac machine is

given by:

𝐿𝑖 𝑗 (𝜃𝑟 ) = 𝜇𝑜𝑟𝑙

2𝜋∫
0

1
𝑔 (∅𝑠 , 𝜃𝑟 )

𝑁𝑖 (∅𝑠)𝑁 𝑗 (∅𝑠) d∅𝑠 , (6)

where 𝜇𝑜 is the permeability of free space, 𝑟 is the radius of the rotor, 𝑙 is the stack length of the
machine, 𝑁𝑖 (∅𝑠) and 𝑁 𝑗 (∅𝑠) are the winding functions for windings 𝑖 and 𝑗 respectively, 𝑔 is the
air gap function. The fundamental components of 𝑁𝑖 and 𝑁 𝑗 of any of the stator windings can be
gotten from:

𝑁𝑖 (∅𝑠) =
𝑁𝐻𝐻 𝑘𝑤𝑛

𝑝𝑟
cos

(
∅𝑠 − 𝑘

2𝜋
𝑝𝑟𝑚

)
. (7)

𝑘 = 0, 2, 4, . . . for phases A, B and C, respectively, 𝑝𝑟 represents the pole pairs, 𝑘𝑤𝑛 ≈ 1, 𝑚 is
the number of phases and 𝑁𝐻𝐻 is the healthy winding function.

According to [36], the fundamental components of the cage rotor winding function of the
machine can be obtained by aligning the rotor pole axis with any of the stator phase axes in direct
and quadrature axes as:

𝑁𝑞 (∅𝑠 , 𝜃𝑟 ) = 𝑁𝑞𝑟 cos(𝜃𝑟 − ∅𝑠), (8)
𝑁𝑑 (∅𝑠 , 𝜃𝑟 ) = 𝑁𝑑𝑟 sin(𝜃𝑟 − ∅𝑠), (9)

where:
𝑁𝑞𝑟 (∅𝑠 , 𝜃𝑟 ) =

8
𝜋

[
𝑛𝑚 − cos

(
𝛾
𝑁𝑏 − 1

2

)
𝑛𝑞

]
sin2 𝛾

2
cos 𝛽,

𝑁𝑞𝑟 (∅𝑠 , 𝜃𝑟 ) =
2
𝜋

[
𝑛𝑚 + 2 sin2 𝛾

2
− cos

(
𝑛𝑝𝛾

)
𝑛𝑞

]
sin 𝛽,
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𝑛𝑚 = 0.5𝑁𝑏 − 1, 𝑛𝑝 = 0.5𝑁𝑏 + 1; 𝑛𝑞 =
sin(𝑛𝑚𝛾)

sin 𝛾
,

where: 𝛽 = (𝜃𝑟 − ∅𝑠); 𝑁𝑏 is the number of rotor bars per pole, 𝛾 is the rotor slot span, 𝑁𝑞 (∅𝑠 , 𝜃𝑟 )
is the 𝑞-axis rotor winding function, 𝑁𝑑 (∅𝑠 , 𝜃𝑟 ) is the 𝑑-axis rotor winding function.

2.3. Modified winding function method
The modified winding function method (MWF) is widely accepted for computing faulty

machine inductances [17, 18, 38]. The expression of the MWF is shown as

𝑀 (∅𝑠 , 𝜃𝑟 ) = 𝑛(∅𝑠 , 𝜃𝑟 ) − 〈𝑀 (∅𝑠 , 𝜃𝑟 )〉 , (10)

where: 𝑀 (∅𝑠 , 𝜃𝑟 ) is the modified winding function, 𝑛(∅𝑠 , 𝜃𝑟 ) is the turn function and 〈𝑀 (∅𝑠 , 𝜃𝑟 )〉
is the average value of the MWF.

〈𝑀 (∅𝑠 , 𝜃𝑟 )〉 =
1

2𝜋〈𝑔−1 (∅𝑠 , 𝜃𝑟 )〉

2𝜋∫
0

𝑛(∅𝑠 , 𝜃𝑟 )𝑔−1 (∅𝑠 , 𝜃𝑟 ), (11)

〈𝑔−1 (∅𝑠 , 𝜃𝑟 )〉 =
1

2𝜋

2𝜋∫
0

𝑔−1 (∅𝑠 , 𝜃𝑟 ) d∅𝑠 , (12)

𝑛𝑖 (∅𝑠) = 𝑁𝑖 (∅𝑠) −
𝑁𝐻𝐻

2
, (13)

〈𝑔−1 (∅𝑠 , 𝜃𝑟 )〉 is the average value of the inverse air gap function.
The value of (10) is obtainable by substituting the values of the solution of (11) to (13). These

calculations were done in the 2018b MATLAB®environment. Obtaining these values helped in
solving for the self and mutual inductance expression for the eccentric SynRM.

Similarly, the inductance between any two phases of the windings under eccentricity condi-
tions can be evaluated using

𝐿𝑖 𝑗 (𝜃𝑟 ) = 𝑘


2𝜋∫

0

𝑛𝑖 (∅𝑠 , 𝜃𝑟 )𝑛 𝑗 (∅𝑠 , 𝜃𝑟 )𝑔−1 (∅𝑠 , 𝜃𝑟 ) d∅𝑠 − 𝑎𝑣

 , (14)

where 𝑎𝑣 = 2𝜋〈𝑀𝑖𝑆 (∅𝑠 , 𝜃𝑟 )〉〈𝑀 𝑗𝑆 (∅𝑠𝜃𝑟 )〉〈𝑔−1 (∅𝑠𝜃𝑟 )〉 and 𝑘 = 𝜇𝑜𝑟𝑙.
𝑆𝐿𝑖 𝑗𝑆 represents the inductances between phase 𝑖 and 𝑗 of the eccentric machine.

3. Inductance computations

This section presents detailed inductance computations of the healthy and eccentric SynRM.
The term self and mutual inductances encompasses that of the stator and rotor. The self and
mutual inductances 𝐿𝑎𝑠𝑎𝑠, 𝐿𝑎𝑠𝑏𝑠, . . . , 𝐿𝑑𝑟𝑑𝑟 for the healthy SynRM were obtained from equation
(6). Similarly, the self and mutual inductances 𝐿𝑎𝑠𝑎𝑠 , 𝐿𝑎𝑠𝑏𝑠, . . . , 𝐿𝑑𝑟𝑑𝑟 for the faulty SynRM
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inductances were found using (14). The inductance expression of (6) was solved by substituting
the values of the winding functions in (7) to (9) while (14) was solved in a similar vein as
mentioned in Section 2.3. The values of the machine geometries were taken from Table 1. The
inductance plots for the healthy and eccentric SynRM are combined for the sake of brevity and
comparison as shown in Figs. 4 to 8.

Fig. 4. Phase A stator self-inductances for healthy and 10% to 80% static eccentricity fault

Fig. 5. Phase A and B stator mutual inductances for healthy and 10% to 80% static eccentricity fault



838 Emmanuel Idoko et al. Arch. Elect. Eng.

Fig. 6. Phase A and 𝑞-axis stator-rotor mutual inductances for healthy and 10% to 80%
static eccentricity fault

Fig. 7. Phase C and Q stator-rotor mutual inductances for healthy and 10% to 80%
static eccentricity fault
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Fig. 8. 𝑞-axis rotor self-inductances for 10% to 80% static eccentricity fault

4. Dynamic model expressions for the healthy and static eccentric SynRM

4.1. Phase variable model

The motor performance is predicted by solving its set of differential equations for stator
current, electromagnetic torque and speed using the phase variable model. The inductances
obtained in the previous section were set up in matrix form considering the stator phases 𝑎, 𝑏
and 𝑐 and the rotor 𝑑 and 𝑞 equivalent windings for the healthy and static eccentric SynRM.
Using common electrical machine symbols and parlances (𝐼 for currents, 𝑉 for voltages and 𝑅

for resistances), the machine voltage equation is:

𝑉 = 𝐼𝑅 + d
d𝑡

(𝐿 (𝜃𝑟 )𝐼) (15)

or simply

d𝐼
d𝑡

=
1

𝐿 (𝜃𝑟 )

(
𝑉 − 𝐼

(
𝑅 + 𝜔𝑟

d𝐿 (𝜃𝑟 )
d𝜃𝑟

))
, (16)

where

𝑉 =
[
𝑉𝑎 𝑉𝑏 𝑉𝑐 𝑉𝑞 𝑉𝑑

]𝑇
, 𝐼 =

[
𝐼𝑎 𝐼𝑏 𝐼𝑐 𝐼𝑞 𝐼𝑑

]𝑇
,

𝑅 = diag
[
𝑅𝑎 𝑅𝑏 𝑅𝑐 𝑅𝑞 𝑅𝑑

]
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and 𝐿 (𝜃𝑟 ) is the inductance matrix given as:

𝐿 (𝜃𝑟 ) =



𝐿𝑎𝑎 𝐿𝑎𝑏 𝐿𝑎𝑐 𝐿𝑎𝑞 𝐿𝑎𝑑

𝐿𝑏𝑎 𝐿𝑏𝑏 𝐿𝑏𝑐 𝐿𝑏𝑞 𝐿𝑏𝑑

𝐿𝑐𝑎 𝐿𝑐𝑏 𝐿𝑐𝑐 𝐿𝑐𝑞 𝐿𝑐𝑑

𝐿𝑞𝑎 𝐿𝑞𝑏 𝐿𝑞𝑐 𝐿𝑞𝑞 𝐿𝑞𝑑

𝐿𝑑𝑎 𝐿𝑑𝑏 𝐿𝑑𝑐 𝐿𝑑𝑞 𝐿𝑑𝑑


.

The developed electromagnetic torque is:

𝑇𝑒 =
1
2
𝐼𝑇𝑆 × d𝐿𝑆

d𝜃𝑟
× 𝐼𝑆 + 𝐼𝑇𝑆 × d𝐿𝑆𝑅

d𝜃𝑟
× 𝐼𝑅 , (17)

where: 𝐼𝑆 =
[
𝑖𝑎 𝑖𝑏 𝑖𝑐

]𝑇 is the stator currents, 𝐼𝑅 =
[
𝑖𝑞 𝑖𝑑

]𝑇 is the rotor currents, 𝐿𝑆𝑆 is the
first (3 × 3) partition matrix of 𝐿 (𝜃𝑟 ) representing the stator inductances and 𝐿𝑆𝑅 is the (2 × 3)
partition matrix of stator-to-rotor mutual inductances given as:

𝐿𝑆𝑆 =


𝐿𝑎𝑎 𝐿𝑎𝑏 𝐿𝑎𝑐

𝐿𝑏𝑎 𝐿𝑏𝑏 𝐿𝑏𝑐

𝐿𝑐𝑎 𝐿𝑐𝑏 𝐿𝑐𝑐

 and 𝐿𝑆𝑅 =


𝐿𝑎𝑞 𝐿𝑎𝑑

𝐿𝑏𝑞 𝐿𝑏𝑑

𝐿𝑐𝑞 𝐿𝑐𝑑

 .
Neglecting the effect of friction, rotor speed and torque are related as:

d𝜔𝑟

d𝑡
= 𝐽 (2/𝑝) (𝑇𝑒 − 𝑇𝐿), (18)

where 𝑇𝐿 is the load torque, 𝑝 is the number of pole pairs and 𝐽 is the total inertia of the
rotating mass. These equations can be solved for the healthy and the eccentric machine by careful
substitution of the calculated inductances for each specific case from Section 3.

4.2. Finite element model
The ANSYS RMxprt™ is a tool used for designing the motor based on the machine dimen-

sions. Table 1 was employed in this case, the materials used for the stator, shaft and rotor are
M19_24 steel type, the rotor bars used Aluminium_75C while the stator coils used copper_75C.
After the design, the RMxprt was exported to Maxwell-2D to allow the analysis of the machine
performance. The direct-on-line configurations were done on the Maxwell-2D model. The num-
ber of rotor bars per pole is 6. Maxwell-2D takes a longer computational time to show the machine
performances, the machine was allowed to run for 6 seconds with the application of 30-Nm (70%
the rated load) load at 3-second.

In the FEM calculations, the rotating members (rotor, shaft and rotor bars) were shifted to
distort the air gap distribution to create an eccentricity fault in the direction shown in Fig. 9.
All the rotating parts were moved from the origin at some distances of 0.04 mm, 0.16 mm and
0.32 mm representing 10%, 40% and 80% of the air gap length of 0.4 mm in the same direction.
A new coordinate system was created with its centre in the centre of the now displaced rotating
member. The motion setup was changed to rotate around the new coordinate system involving
eccentricity.
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Fig. 9. Position of stator and rotor origin

5. Dynamic simulation results

The phase variable method and FEM results showing the machine performances are presented
side by side for clarity and comparison. A unit step load of 30 Nm was applied to the motor in
both cases as shown in Figs. 10 to 12. The results are for healthy and unhealthy (eccentric) SynRM
as indicated in the figures. The values of the inverse air gap and the inductance plots were used in
the developed algorithms for the two conditions in the phase variable model. The algorithms were
arbitrarily developed for the healthy, 10% and 40%. Attempt to increase the eccentricity to 80%
stalled the rotor and further plots on the case could not be presented. The results are grouped for
brevity to show the performance of the machine in terms of the speed, electromagnetic torque,
torque-speed, and phase-A stator current characteristics and are validated using FEM.

(a) Healthy machine
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(b) 10% eccentricity

(c) 40% eccentricity

Fig. 10. Speed of SynRM

Analytical simulations Finite element plots

(a) Healthy machine
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(b) 10% eccentricity

(c) 40% eccentricity

Fig. 11. Torque of SynRM (left: analytical method; right: validation using FEM)

Analytical simulations Finite element plots

(a) Healthy machine
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(b) 10% eccentricity

(c) 40% eccentricity

Fig. 12. Stator current of SynRM (left: analytical method; right: validation using FEM)

6. Discussion of results

The simulations were done with a constant voltage supply of 370 V, 50 Hz in MATLAB/
SIMULINK environment and ANSYS Maxwell-2D at a fixed load torque of 30 Nm. The results
of the analytical method were achieved by inputting the values of the inverse air-gap function
generated in Fig. 3 and the values of the inductances into the developed phase-variable method
algorithms. Also, the finite element method results were gotten by configuring the SynRM in
ANSYS by employing the machine dimensions and parameters on RMxprt before converting it
to 2D-Maxwell. The 2D-Maxwell was allowed to run which generated the results required for
validation. Because ANSYS takes a longer computational time to show the machine performance,
the load torque was introduced at 𝑡 = 3.0 seconds for the phase variable model. The results of
the machine performance were grouped for brevity to show the comparison of the performance
index at chosen values of static eccentricity faults. The results show that the time duration for the
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machine to perform its task is lesser for the healthy machine which is expected. Operating the
ANSYS Maxwell 2D at 80% eccentricity fault showed an intersection of parts which implied the
machine severity point.

The degree of eccentricity clearly manifests in all the inductances (self and mutual) plots of
Figs. 4–8. However, this parameter even though it varies clearly with rotor position and highly
indicative, does not present itself as a measurable quantity in the machine terminals under dynamic
modes.

The speed versus time plot is shown in Fig. 10. The results show that the machine became
stable after attaining synchronous speed at different times. It took the healthy SynRM 1.189
secs, while the SynRM operating at 10% and 40% took 1.389 s and 1.724 s respectively on no-
load conditions but the SynRM operating at 80% eccentricity fault, was characterized by severe
acoustic noise and vibrations for a longer time without attaining synchronous speed on no-load
condition. The applied step load is the reason for the synchronous speed disappearance which
was damped by the rotor cage after a little while but lost stability in the case of the 80% eccentric
SynRM due to its severity. The FEM results confirm the results as the values closely matched
that of the phase variable model.

The torque as an important index to judge SynRM performance is presented in Fig. 11. This
shows results for the healthy, 10% and 40% eccentricity fault machines. It is evident from the
plots that, the starting torque of the 10% eccentric SynRM compared with the healthy motor
increased by 12.22 Nm which represents an increase of 23.4% and 58.8% for the 40% eccentric
machine. Excess vibrations and noise were recorded for the case of the 80% eccentric SynRM.
At a steady state no-load conditions, there is an insignificant value of increase on the torque
as the fault increases. At the application of the load, the analytical and FEM results showed a
momentary increase of torque as indicated in Fig. 11 while at 80% fault, the ripples surmounted
the machine and made it unstable.

Finally, the study of the effect of the fault on stator current is shown in Fig. 12. On no-load
condition, the current profile of the healthy SynRM was stable for the phase variable and FEM
respectively. It is obvious, that at no-load condition, the steady state current is not significantly
affected but generates a current profile that existed longer than the healthy machine as shown by
both FEM and analytical methods. On-load condition, again the results showed that the average
currents increased at steady states.

7. Conclusion

The analysis and simulated results show the influence of static eccentricity fault on the
performance of the synchronous reluctance motor. The effect of eccentricity was most clearly
manifested in the inductances calculated. The performance characteristics for the phase variable
model and the FEM are closely matched. The FEM results are; however, more accurate than the
analytical model. The results demonstrated that static eccentricity has a significant impact on
the machine performance, especially when allowed to escalate. This is revealed by the increased
starting torque and ripples generated by the faulty machine that caused it to execute a given task
at a longer time. Apart from that, it was shown that the windings of the machine are exposed to
danger as higher current harmonics are generated and recordered in the faulty machine. It was
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also established that, as the fault increased, the performance indicators of the machine were also
affected. The severity of the fault manifested as the fault approached 80% making the machine
lose its stability. Therefore, to avoid rubbing the stator and rotor as the fault increases, the fault
should be corrected at the early stage to elude downtime.
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