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ABSTRACT The Linear Induction Motors (LIMs) are a novel structure of industrial motors, which have
appeared in recent years. There are various models of optimal LIMs that help better performance. However,
no research could be found about the behavior of these motors under the fault conditions. In this paper,
a High–Temperature Superconducting Single–sided LIM (HTS–SLIM), with flat–solid secondary sheet is
considered. Besides, a comprehensive review of novel and robustness fault diagnosis methods in electrical
machines is carried out. To satisfy the paper aims, two mechanical and electrical failures, in forms of broken
conductor sheet and short–circuit of coil are considered, respectively, and the dynamic model of the studied
motor under short–circuit fault is proposed. The motor is modeled with 3D Finite Element Method (FEM),
in order to consider the 3D effects of linear motors. Finally, the electromagnetic and mechanical behaviors
of the considered machine are rendered under various conditions. The variation of various parameters are
studied and their increament or decreament under faulty states are analyzed. In the next step, the Hilbert–
Huang Transform (HHT) is employed to detect the features of the mentioned faults. The results and analysis
show that the thrust and speed of motor have decreased under short circuit faults, and they have increased
suddenly, when the primary cross over the broken secondary sheet about 600 % and 43 %, respectively.
Besides, the flux density of all components under short circuit is reduced, while it increased under broken
sheet fault and when these faults occur simultaneously.

INDEX TERMS Fault diagnosis, finite element method, high–temperature superconducting, Hilbert–Huang
transform, linear induction motor.

I. INTRODUCTION
A. MOTIVATION
Linear Induction Motors (LIMs) are the most powerful can-
didate for transmission or traction applications due to these
motors benefits such as low-cost, no fraction, simple con-
struction and high speed. However, like as other rotary electri-
cal machines, the linear machinesmay be subjected to various
electrical and (or) mechanical faults [1]. These faults cause
decadence or disablement of the motor [2]. In LIMs, this
problem ismore special, because the secondary is pavedwith-
out any preservative from external factors. In other words,
all parts of the rotary machine is limited and protected with
its frame, while the secondary of LIMs has no option for the
mentioned aim in the most cases. In addition, the electrical
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failures could occur in LIMs like as source and coils short
circuits, breaking the secondary plate, unbalanced power sup-
ply, etc. [1]. The mechanical failures in LIMs consist contact
between primary and secondary, eccentricity of motor, etc.
Based on the reference researches [1]–[4], the most common
faults in a Rotary Induction Motor (RIM) are related to the
bearing (∼ 70 %), stator windings (∼ 20 %), and rotor bars
(5–10 %). In other hand, there is no bearing in LIM that
increases its advantage and interest in more applications.
Therefore, we could classify the LIM faults into primary
(stator) windings and secondary conductor sheet. In this
work, the fault detection of LIMs is contributed for the first
time and the results are analyzed for future designs.

B. LITERATURE REVIEW
There are various recent studies have proposed novel
detection methods for different faults. In [3], the authors
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prepared a novel fault detection method based on Hilbert
Transform (HT) for multi–broken rotor bars in a three-phase
Rotary Induction Motor (RIM). A novel method based on
extraction of acoustic signals from a single-phase RIM is
developed in [4], which tested in various faults. The motor
current signature is used in [5] for bearing fault detection that
noises are eliminated with Wiener filter and the spectral anal-
ysis is done with Direct Wavelet Transform (DWT). In other
work [6], infrared thermography technique–color based is
used for inter turn faults diagnosis. The variable speed
RIM is considered in [7] for broken bar fault detection using
DWT and energy eigen values. In [8], deep network-based
features of thermograms base on thermal images is used for
fault detection of a real three-phase RIM. Authors of [9] have
used the Kalman Filter (KF) based algorithm, which extract
the current and voltage signatures, for diagnosis of stator inter
turn faults of RIMs.

With considering the literature of fault diagnosis meth-
ods, they could classified in three important parts as sig-
nal processing, machine learning, and artificial intelligent
algorithms, which the first method is widely used in the
fault detection of electrical machines. The recent signal
processing methods such as acoustic signals analysis [4],
[10], [11], the vector space decomposition approach [12],
KF based approaches [9], [13], various Fourier Trans-
forms (FTs) [14]–[16], the HT [3], [17], the Hilbert–Huang
Transform (HHT) [18]–[21], space pattern recognition [22],
various Wavelet Transforms (WT) [5], [7], [23] or com-
bined methods [24]–[26], etc., the machine learning based
approaches such as Random Forest (RF) algorithm [27],
fuzzy-Bayesian [28], Support Vector Machine (SVM) [29],
etc., and artificial intelligent algorithms such as Arti-
ficial Neural Network (ANN) methods [30], [31] have
been proposed and used in the RIM fault detection
problems.

The above researches are based on the methods that needs
several tests and to verify the results, even though the method
is robust. The Finite Element Method (FEM) is a powerful
solution to verify these results. This method has been uti-
lized for design and analysis of electrical machines in plenty
of applications. However, it recently is also applied in the
various fault detection problems. Liang et al. in [32] have
reviewed studies that have used FEM in the fault detection
of RIMs. Corresponding to this reference, the all proposed
techniques could be classified into three main categories
as only FEM, FEM and signal processing methods, and
FEM and machine learning algorithms. The various failures
could be detected using the assessment and justifying of
machine parameters [33]. In [34], the authors use the FEM for
inter–turn short circuit of stator winding of RIM by extracting
the harmonic of the flux leakage. The bearing fault of a RIM
by using the investigation of a relation between the vibration
and current is studied in [35] that FEM is the solutionmethod.
The thermal effects of broken bars in RIM is studied in [36]
using FEM, which it could estimate the number of broken
bars with assessment of the stator current. In [37], a method

based on FEM and modified winding function is used for
fault detection with considering the magnetic saturation of
RIM. The online fault diagnosis using FEM has been pro-
posed in [38], which prepare the current density of bars as
a function of their position. The second method, FEM with
signal processing, is more common and widely is used in
the literature. Fault detection of the broken bars [39]–[42],
bearing failures [43]–[45], and the short circuit of stator
windings [46]–[49] are the most problems that studied with
researchers. Finally, the FEM with machine learning and
other techniques has been in few references, such as broken
bars with FFT, Yule Walker Estimate by Auto Regression
(YUL-AR), and Matching Pursuit (MP) [50], bearing prob-
lems with SVM [51], and rotor asymmetry and inter-turn
stator winding short circuits by sparse subspace learning
(SSL) [52].

As confirmed in the mentioned papers, the fault diagnosis
problem will be more accurate with using of FEM and signal
process algorithms. In addition, the HHT and WT are better
and faster than other method [19], [23].

C. PAPER CONTRIBUTIONS
In this paper, an HTS–SLIM is considered to investigate the
sufferable and sustainability of them under faults by electrical
and mechanical analysis. In addition, a method based on
3D FEM and HHT is employed for fault detection problem.
In essence, the main contributions of this paper are listed as
below:

• Dynamic analysis of HTS–SLIM under different elec-
trical and mechanical faults to assess its performance,
which has not been done before;

• Employment of fault detection solution on HTS–SLIM
and proposed the modeling formulation for this aim,
which no research has been found in this case;

• The 3D FEM and HHT make a new combined method
that is applied for the fault diagnosis problem, which
could proposed a novel strategy for other applications;

• The results show that the HTS–SLIM could suffer the
short circuit, due to the high capacity of current density
in HTS tapes.

II. MODELING OF FAULTY HTS-SLIM
A. RESISTANCE CALCULATION OF SECONDARY SHEET
In the flat solid aluminum, its active resistance (Rsolid ) under
normal condition is calculated as follow:

Rsolid =
ρ.L
d .w

(�) (1)

where, ρ is the is the aluminum resistivity, which is equal
to 2.82e–8 [�.m], L is the motor length, d and w is the
thickness and width of sheet, respectively. The value of resis-
tance is highly depended to ρ, which means that if sheet is
broken in active part, the value of resistance will be changed.
The 3D model of flat solid sheet under a broken fault is
presented in Fig. 1.
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FIGURE 1. The broken sheet fault in the flat solid secondary of HTS- SLIM.

B. PRIMARY WINDINGS UNDER SHORT CIRCUIT FAULTS
1) DYNAMIC MODELING OF SLIM IN HEALTHY CONDITION
The equivalent circuit of a SLIM is shown in Fig. 2. In order
to model the SLIM with considering the end effects, the
obtained model will be different from RIMs. The relation of
linear and angular speeds is as follows:

Vr =
τ

π
ωr (2)

where, τ is the pole pitch, ωr is the angular speed [rad.s−1],
and Vr is the linear speed [m.s−1].
Due to linear motion of SLIM as well as creation and

abolition of magnetic field in the ends of motor, the eddy cur-
rents are appeared in the secondary sheets. Based on Fig. 2,
a new series resistance (Rm), which indicates the eddy current
loss, is connected to magnetizing inductance. The 3-phase
relations of voltage–current for both primary and secondary
under non–faulted condition are defined by (3). In this matrix,
the hypothetical windings are considered for the secondary
conductor.
va1
vb1
vc1
v′a2
v′b2
v′c2

=

Rt1 0 0 Rm 0 0
0 Rt1 0 0 Rm 0
0 0 Rt1 0 0 Rm
Rm 0 0 Rt2 0 0
0 Rm 0 0 Rt2 0
0 0 Rm 0 0 Rt2




ia1
ib1
ic1
i′a2
i′b2
i′c2



+
d
dt


λa1
λb1
λc1
λ′a2
λ′b2
λ′c2

 (3)

where, Rt1 = R1 + Rm, Rt2 = R′2 + Rm, vi1 and v′i2
are the primary voltage and secondary voltage transferred to
primary, respectively, ii1 and i′i2 are the primary current and
secondary current transferred to primary, respectively, and λi1
and λ′i2 are the primary flux and secondary flux transferred to
primary, respectively, which i = {a, b, c} indicates the phase
index. The primary and secondary fluxes could be rewritten
in terms of inductances and currents as follows:[

λabc1

λ′2abc

]
=

[
Labc11 + Labc11 Labc12

Labc21 L′abcl2 + L′abc22

][
iabc1
i′abc2

]
(4)

where:

λabc1 = [λa1, λb1, λc1]T (5)

λ′
abc
2 =

[
λ′a2, λ

′

b2, λ
′

c2
]T (6)

iabc1 = [ia1, ib1, ic1]T (7)

i′abc2 =
[
i′a2, i

′

b2, i
′

c2
]T (8)

Labcl1 =

 Ll1 0 0
0 Ll1 0
0 0 Ll1

 (9)

L′abcl2 =

 L
′

l2 0 0

0 L ′l2 0

0 0 L ′l2

 (10)

Labc11 = f (Q)

 L11 L1m L1m
L1m L11 L1m
L1m L1m L11

 (11)

L′abc22 = f (Q)

 L ′22 L ′2m L ′2m
L ′2m L ′22 L ′2m
L ′2m L ′2m L ′22

 (12)

Labc12

= [Labc21 ]T = L12f (Q)

×



cos θr cos
(
θr+

2π
3

)
cos

(
θr−

2π
3

)
cos

(
θr−

2π
3

)
cos θr cos

(
θr+

2π
3

)
cos

(
θr+

2π
3

)
cos

(
θr−

2π
3

)
cos θr


(13)

In (4)–(13), Ll1 and L’l2 are the leakage inductance of pri-
mary and secondary transferred to primary, L11 and L’22 are
the magnetizing inductance of primary and secondary trans-
ferred to primary, L1m and L’2m are the mutual inductance of
primary windings and secondary windings transferred to pri-
mary, and L12 is themaximummutual inductance between the
primary and secondary windings. Also, the relation between
all inductances is assumed as L11 = L’22 = −2L1m =
−2L’2m in healthy condition. In (13), θr is the difference
angle of phase ‘‘a’’ between the primary and secondary,
which could find as follows:

θr =

∫
ωrdt + θr (0) (14)

The function f (Q) in (11)–(13) is related to inductance matri-
ces (also shown in Fig. 2), and is defined as follows:

f (Q) = 1−
1− e−Q

Q
(15)

where, Q is the normalized length of motor. Let’s reform the
above relations in ‘‘dq0’’ reference. The matrix of (3) could
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be rewritten as follow: vabc1 = pλabc1 +

(
Rabc
1 + Rabc

m

)
iabc1 + Rabc

m i′abc2

v′abc2 = pλ′abc2 +

(
R′abc2 + Rabc

m

)
i′abc2 + Rabc

m iabc1

(16)

where, p denotes the derivative operator, and Rabc
m = RmI3,

which I3 is the identity matrix with rank of 3. With apply-
ing the Park transform in (16), the final relation could be
obtained as written in (17), as shown at the bottom of the
next page. Besides, with doing similar calculation on (4),
the transformed fluxes to ‘‘dq0’’ reference are obtained as
follows:

λ
qd0
1 =

 Lt1 0 0
0 Lt1 0
0 0 Ll1

 iqd01 +

 Lz 0 0
0 Lz 0
0 0 0

 i̇′2qd0

λ
′qd0
2 =

 L
′

t2 0 0
0 L ′t2 0
0 0 L ′l2

 i′′d02 +

 Lz 0 0
0 Lz 0
0 0 0

 iqd01

(18)

where: 
Lt1 = Ll1 + Lmf (Q)
L ′t2 = L ′l2 + Lmf (Q)
Lz = Lmf (Q)

(19)

The equivalent circuit of the dynamic model for SLIM in
heathy mode is presented in Fig. 3. Finally, the output thrust
could be calculated as follows:

Fe =
3π
2τ

(
λd1iq1 − λq1id1

)
=

3π
2τ

(
λ′q2i
′

d2 − λ
′

d2i
′

q2

)
=

3π
2τ

Lmf (Q)
(
i′d2iq1 − i

′

q2id1
)

(20)

FIGURE 2. The equivalent circuit of a SLIM in non-faulty operation.

2) SLIM MODELING UNDER WINDING FAULTS
The schematic of 3-phase physical windings under inter-turn
short circuit is presented in Fig. 4. The turn number of short
circuit and safe coils in phase ‘‘b’’ is considered as Nb2
and Nb1, respectively, which Nb = Nb1 + Nb2 is the total
turn number of winding of phase ‘‘b’’. Also, in other two
phases, the similar relation is confirmed: Na = Na1 + Na2,

FIGURE 3. The equivalent circuit of a SLIM in non-faulty operation
considering the end-effects: (a) For ‘‘d’’ axis, (b) For ‘‘q’’ axis, and (c) For
‘‘0’’ axis.

Nc = Nc1+Nc2. The severity factor of fault could be defined
as χ = Nb2/Nb.

From the basic of electrical machines, the leakage and
magnetizing inductances are obtained as follows [53]:

Ll1 =
N 2
b

<l1
(21)

L1m =
N 2
b

<1m
(22)

where, <1m and <l1 are the magnetizing and leakage
reluctance paths of inductances L1m and Ll1, respectively.
Moreover, the self–inductance of each coil of phase ‘‘b’’ in
Fig. 4 (b) is defined as follows:

Lb1 = Llb1 + Lmb1 =
N 2
b1

<b1
+

N 2
b1

<mb1

Lb2 = Llb2 + Lmb2 =
N 2
b2

<lb2
+

N 2
b2

<mb2

(23)

With assumed the equal magnetizing reluctances for both
coils (Rmb1 = Rmb2 = R1m) [54]. The final relation of
inductances are rendered in (24). In addition, the mutual
inductance (M ) of coils ‘‘b1’’ and ‘‘b2’’ is calculated by (25).

Lb1 =
(1− χ )2N 2

b

<lb1
+

(1− χ )2N 2
b

<1m

=
(1− χ )2N 2

b

<lb1
+ (1− χ )2L1m

Lb2 =
χ2N 2

b

<lb2
+
χ2N 2

b

<1m
=
χ2N 2

b

<lb2
+ χ2L1m

(24)
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
Lb = Ll1 + L1m = Lb1 + Lb2 + 2M

M =
Nb1Nb2
<1m

= χ (1− χ )L1m
(25)

With simplification of (25), with replacing (23) and (24), the
following relation is obtained:

Ll1 = Llb1 + Llb2 (26)

The following proportionality rule is also established:

χ2Lb1 = (1− χ )2Lb2 (27)

Therefore, with considering the (26) and (27), the following
relation between leakage inductance is obtained [54], [55]:

Llb1 =
(1− χ )2

1− 2χ + 2χ2 Ll1 = klb1Ll1

Llb1 =
χ2

1− 2χ + 2χ2 Ll1 = klb2Ll1

(28)

The flux matrix in the faulty motor, with considering an coil
short circuit fault in the primary winding of phase ‘‘b’’ will
be changed as follow:[

λ
f−abc
1

λ′
f−abc

2

]
=

[
Lf−abcl1 + Lf−abc11 Lf−abc12

Lf−abc21 L′abcl2 + L′abc22

][
if−abc1
i′2abc

]
(29)

FIGURE 4. The equivalent circuit of a SLIM in non–faulty operation
(a) The main reference (3-phase); (b) In the ‘‘dq0’’ reference.

where (30)–(34), as shown at the bottom of the page. (35), as
shown at the bottom of page 7.



vqd01 = pλqd01 +

(
πV
τ

) 0 1 0
−1 0 0
0 0 0

 λqd01 +

(
Rqd0
1 + Rqd0

m

)
iqd01 + Rqd0

m


cos θr − sin θr 0

− sin θr cos θr 0

0 0 1

 i′qd02

v′qd02 = pλ′qd02 +

(
π (V − Vr )

τ

) 0 1 0
−1 0 0
0 0 0

 λqd01 +

(
R′qd02 + Rqd0

m

)
i′qd02 + Rqd0

m


cos θr − sin θr 0

− sin θr cos θr 0

0 0 1

 iqd01

(17)

λ
f−abc
1 =

[
λ
f
a1, λ

f
b11, λ

f
b12, λ

f
c1

]T
(30)

λ
′f−abc
2 =

[
λ
′f
a2, λ

′f
b2, λ

′f
c2

]T
(31)

if−abc1 = [ia1, ib11, ib12, ic1]T (32)

Lf−abcl1 = Ll1


1 0 0 0
0 klb1 0 0
0 0 klb2 0
0 0 0 1

 (33)

Lf−abc11 = L11f (Q)



1 −
1− χ
2

−
χ

2
−
1
2

−
1− χ
2

(1− χ)2 χ (1− χ ) −
1− χ
2

−
χ

2
χ (1− χ ) χ2

−
χ

2

−
1
2

−
1− χ
2

−
χ

2
1


(34)
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In addition, the relation of voltages in faulty mode for SLIM
based on (16) is calculated with follows (36), as shown at the
bottom of the next page, where:

Rf−abc
1 = R1


1 0 0 0

0 1− χ 0 0

0 0 χ 0

0 0 0 1

 (37)

Rf−abc
m1 = Rm


1 0 0 0
0 1− χ 0 0
0 0 χ 0
0 0 0 1

 (38)

Rf−abc
m2 = Rm


1 0 0

0 1− χ 0

0 χ 0

0 0 1

 (39)

The relations of voltages and fluxes in ‘‘dq0’’ reference will
be reformed as (40), as shown at the bottom of the next page.
In (40), Rdq

x = Rx diag[1 1], and x = {1, m}. Also,
vf−dq1 = [vqvd ]T, and idq1 = [iqid ]T. The flux matrix of
primary and secondary also modified as written in (41), as
shown at the bottom of the next page.

Finally, the output thrust in faulty mode of SLIM could be
calculated as follows:

Fe =
3π
2τ

Lmf (Q)
(
i′d2iq1 − i

′

q2id1
)
−
π

τ
χLmf (Q)

(
i′q2if

)
(42)

III. THE HILBERT–HUANG TRANSFORM
The HHT, first, is introduced by Huang and Shen [56],
which is applied for multi–component signals. This
signal processing technique is based on the signal disin-
tegration within two forms as empirical modes with their
representation into a set of complex detection manner [21].
First, we supposed a time–based signal as X (t), which
is the real part of a complex analytic signal Z (t) =
X (t) + jY (t), which Y (t) is the HT of X (t), and is defined
as:

H(X (t)) = Y (t) =
1
π
PV

∫
+∞

−∞

X (τ )
t − τ

dτ (43)

In (43), PV is the principal value of the singular integral [56].
Therefore, the analytic signal, Z (t), could be reformed as
follows:

Z (t) = X (t)+ jY (t) = A(t)× exp(jϕ(t))

A(t) =
√
X2(t)+ Y 2(t)

ϕ(t) = arctan
(
Y (t)X−1(t)

) (44)

where, A(t) and ϕ(t) are the instantaneous amplitude
and phasor function, respectively. Therefore, the frequency

could be obtained with derivation of phasor function,
as follow:

ω(t) =
d
dt
ϕ(t) (45)

A. INTRINSIC MODE FUNCTION COMPONENTS
By employing the local limitation condition, in order
to substitute the global limitations, a new instantaneous
frequency is prepared with HT. Therefore, an Intrinsic
Mode Function (IMF) could be introduced with the follow
conditions [20]:

1) The number of extrema and zero-crossing points should
be equal, or differ by one at most;

2) For all points, mean value of envelope calculated with
local minimum as well as local maximum should be
zero.

With considering the IMF, the relation defined in (45) could
obtain the best frequency. An IMF in following the HT could
be shown with (44). With applying the FT on Z (t), the results
will be as follows:

F(Z (t)) =
∫
+∞

−∞

A(t)× exp(j(ϕ(t)− ωt))dt (46)

Then, the maximum contribution of W (ω) will be obtained
using the frequency assuring the follow condition:

d
dt
(ϕ(t)− ωt) = 0 (47)

This manner is better defining than zero-crossing for instan-
taneous frequency. An IMF shows an easy swing mode as a
peer to the simple harmonic function, but it is works more
general. In order to replacing the constant components of
signals, the IMF could render a time-based variable frequency
and amplitude.

B. THE EMPIRICAL MODE DECOMPOSITION
For decomposing a complicated time-variable signal to IMF
components, Huang et al. [56] have prepared the Empirical
Mode Decomposition (EMD) method, which is based on
local feature of the signal. The main contribution of this
method is that the lower and upper bands (envelopes) of each
signal X (t) should be defined with cubic spline line to cover
all data. Then, the mean of these envelopes is considered as
M1(t). The ideal first component of IMF could be defined as
h1(t) = X(t) – M1(t). However, in order to reach the final
value of the IMF component, this processes should repeat
until to eliminate the error signals as follows:∑

t

(hk (t)− hk−1(t))2

(hk−1(t))2
< [0.2 ∼ 0.3] (48)

The EMD find the next IMF component using the above
process. If c1(t) is considered as the first IMF, the rest of
data will be calculated as r1(t) = X (t)–c1(t). This technique

VOLUME 10, 2022 35741



A. Ahmadpour et al.: Fault Diagnosis of HTS–SLIM Based on 3D FEM and HHT

should be continued till the last rest data (rn(t)) consists at
most one local extrema:

r1(t) = X (t)− c1(t);
r2(t) = r1(t)− c2(t);
...

rn(t) = rn−1(t)− cn(t);

⇒ X (t) = rn(t)+
n∑
i=1

ci(t)

(49)

In (49), there are n components of the IMF, i.e. c1(t),
c2(t), . . . , cn(t), that the first IMF (c1(t)) contains the largest
frequencies in the main signal X (t).

C. THE HILBERT SPECTRUM
The HT described the IMF components in (49). Then, the
main signal could be express as follows by using (44)
and (45):

X (t) = Re [Z (t)] = Re

[
n∑
i=1

[
Ai(t)× exp(jϕi(t))

]]

= Re

 n∑
i=1

Ai(t)× exp

j t∫
−∞

ωi(t)dt

 (50)

The relation defined in (50) consists of both amplitude
and instantaneous frequency that could be represented in

Lf−abc12 = [Lf−abc21 ]T = L12f (Q)



cos θr cos
(
θr +

2π
3

)
cos

(
θr −

2π
3

)
(1− χ ) cos

(
θr −

2π
3

)
(1− χ ) cos θr (1− χ ) cos

(
θr +

2π
3

)
χ cos

(
θr −

2π
3

)
χ cos θr χ cos

(
θr +

2π
3

)
cos

(
θr +

2π
3

)
cos

(
θr −

2π
3

)
cos θr


(35)

 vf−abc1

v′abc2

 = p

 λf−abc1

λ′f−abc2

+
Rf−abc

1 + Rf−abc
m1 Rf−abc

m2[
Rf−abc
m2

]T
R′abc2 + Rabc

m

 if−abc1

i′abc2

 (36)



vf−qd1 = pλdq1 +
(
πV
τ

)[
0 1
−1 0

]
λ
dq
1 +

(
Rdq
1 + Rqd

m

)
iqd1 + Rqd

m

[
cos θr − sin θr
− sin θr cos θr

]
i̇′d2 −

2
3
χ

[
R1
R1

]
if

vf−01 = pλ01 + (R1 + Rm) i
0
1 + Rmi

′

20−
1
3
χR1if

v′2
f−qd0

= pλ′2
f−qd0

+

(
π (V − Vr )

τ

) 0 1 0
−1 0 0
0 0 0

λ
f−qd0
1 +

(
R′qd02 + Rqd0

m

)
i′qd02

+Rqd0
m

 cos θr − sin θr 0
− sin θr cos θr 0

0 0 1

 if−qd01

(40)



λ
f−qd0
1 =

 Lt1 0 0
0 Lt1 0
0 0 Ll1

 iqd01 +

 Lz 0 0
0 Lz 0
0 0 0

 i′qd02 + χ



L11
2

−χLl1
1− 2χ + χ2 − L11

L11
2

 if

λ′
f−qd0
2 =

 L
′

t2 0 0
0 L ′t2 0
0 0 L ′l2

 i′qd02 +

 Lz 0 0
0 Lz 0
0 0 0

 iqd01 − L11


cos(θr )

cos(θr +
2π
3
)

cos(θr −
2π
3
)

 if
(41)
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time- frequency plane [18]. This distribution is introduced as
the Hilbert–Huang Spectrum (HHS),H(ω, t), as follow:

H(ω, t) = Re

[
n∑
i=1

[
Ai(t)× exp

(
j
∫ t

−∞

ωi(t)dt
)]]

(51)

The marginal spectrum is also defined as follow:

h(ω) =
∫ T

0
H(ω, t)dt (52)

The reviewed EMDmethod with the HHS analysis are called
HHT. The first method extracts the IMF components and the
second technique finds the instantaneous frequency of the
extracted IMF component using the HT.

IV. THE SIMULATION RESULTS
A. THE PROPERTIES OF THE STUDIED HTS–SLIM
In this paper, an HTS–SLIM is considered to compare its
behavior and sustainability under two faults (broken sec-
ondary and inter-turn short circuit). The 3D model of this
motor is shown in Fig. 5. In addition, the main features
of this motor are listed in Table 1 [57]. The considered
tapes for windings are type II superconductors with material
of Bi–2223.

FIGURE 5. The 3D FEM model of studied structure of HTS–SLIM.

B. THE FAULT DETECTION RESULTS
1) THE BROKEN SECONDARY
The first analysis of the broken secondary sheet is related
to its current density and flux density, which are shown in
Fig. 6. In Fig. 6 (a), the distribution of current density before
fault is shown that maximum value is reached 16 MA.m−2.
However, when the primary is enter into broken sheet, the
maximum current density is increased to 103 MA.m−2 as
shown in Fig. 6 (b).

In addition, this value is related to the boundary of broken
region. Worse still, the loss power will be increased and
therefore, the energy of machine increase until cross over
this region. The distributions of flux density in secondary
sheet for before and on the broken part are also shown in
Fig. 6 (c) and Fig. 6 (d), respectively. It is cleared that the
maximum flux density is increased from 0.5 T to 1.9 T, which
show about 4 times increment.

The variation of speed and thrust of motor is rendered in
Fig. 7. As shown in this figure, the first level of thresholds

TABLE 1. The main features of the studied HTS–SLIM.

of thrust is defined between 0 to 3 kN. Moreover, the first
level of threshold for speed is defined as 0 to 3.8 m.s−1.
Due to higher current density in broken region, the thrust
also should be increased. In addition the speed of the
motor is also increased in this region. Thrust is varied
between –2 kN and +6 kN in broken sheet region and
speed increased to 5 m.s−1. The both of speed and
thrust have infringed the upper threshold levels. In addi-
tion, thrust have negative values in some points and it
has infringed the lower threshold (0 kN) in the fault
condition.

The time base variations of 3-phase voltage of the primary
windings are shown in Fig. 8. As seen in this figure, the
voltages of phases ‘‘a’’ and ‘‘b’’ is increase about 8 times,
when the primary enter the broken part. Worse still, their
phase angles are same in this zone. As seen in this figure,
the both of upper and lower threshold levels are broken by
phases ‘‘a’’ and ‘‘b’’.

The various components of 3-phase voltages with
HHT analysis is plotted in Fig. 9. As seen in this figure,
the phases 1 and 2 have 5 IMFs, while the phase 3 has
only 4 IMFs. In addition, the first and second IMFs are bigger
than other IMFs, with maximum amplitude of 2 kV. However,
its value before fault is 247 V. Moreover, the phase 2 is more
affected by this fault and the all IMFs of this phase is higher
than others.

The time–frequency analysis by HHS is presented in
Fig. 10. In this figure, the faulted zone of all phases has
lower frequency than healthy zone. In addition, the frequency
of phase 2 is lower than others. It should be noted that the
different values of frequency between 3-phase is due to their
different angle. The energy of all phases in analyzed with
power spectrum curve with signal analysis toolbox of Matlab
software, which is shown in Fig. 11. As seen in this figure,
the highest power is obtained by phase 2.
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FIGURE 6. The distribution of current density and flux density in
secondary sheet: a) current density in health sheet, b) current density in
broken sheet, c) flux density in health sheet, d) flux density in broken
sheet.

2) THE INTER-TURN SHORT CIRCUIT IN PRIMARY WINDING
According to Fig. 5, each winding contains 4 coils that
the simulated circuit in Flux software is shown in Fig. 12.
As shown also in this figure, the second coil of phase b (Nb2)
will be short circuit between interval time of [1.00, 1.40].
Moreover, the total simulation time is 1.50 s. The variations of
speed and thrust is plotted in Fig. 13. The speed is reached to
rated value, i.e. 3.5 m.s−1, and the steady state value of thrust
is 1 kN, before fault. The second level of threshold of speed
in steady state is defined between 3.4 to 3.8 m.s−1. Also, the

FIGURE 7. The variation of thrust and speed in various conditions.

FIGURE 8. The variation of winding voltages under broken secondary.

FIGURE 9. The HHT results of winding voltages under broken secondary.

second level of threshold of thrust in steady state is defined
between 0.9 to 1.1 kN. In addition, the first threshold levels
are defined as shown in Fig. 7. The speed and thrust of motor
in the end of fault (at 1.4 s), both are decreased about 40%
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FIGURE 10. The HHS analysis of 3–phase voltages for various components in broken fault.

FIGURE 11. The power–spectrum analysis of 3-phase voltages in broken
secondary.

FIGURE 12. The simulated circuit of the HTS–SLIM.

and 35%, respectively. The distribution of current density is
shown in Fig. 14, which the current density of region that is
under the short– circuit coil is lower than others.

The current waveforms of all coils in phase ‘‘b’’ are shown
in Fig. 15 (a). Moreover, the current variation of switch is

FIGURE 13. The variation of thrust and speed in various conditions
(before fault, in short circuit, and after fault).

FIGURE 14. The distribution of current density in secondary sheet in
short–circuit zone.

shown in this figure. Due to low resistivity of HTS coils, the
current of faulty coil is not zero and the sum of the currents
of Nb2 and switch is equal to the current of other coils. The
HH analysis of healthy coils is shown in Fig. 15 (b) with
considering T = 1/Fs, and Fs = 2 kHz in (48). As seen
in this figure, the maximum amplitude is related to the first
component, i.e. c1(t). The HH analysis of faulty coil is also
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FIGURE 15. The current analysis of phase ‘‘b’’: a) the waveform of all coils
and switch in terms of time, b) HHT result of current of health coils: Nb1,
Nb3, and Nb4, c) HHT result of current of faulty coil: Nb2 distribution of
current density in secondary sheet in short–circuit zone.

is shown in Fig. 15 (c). In this figure, the second component
c2(t) has the maximum amplitude (±50) and the first and the
third components are oscillated between ±20.

FIGURE 16. The HHS analysis of both faulty and healthy coils for various
components.

FIGURE 17. The power–spectrum analysis of of both faulty and healthy
coils for various components.

The analysis of HHS is also done and the time–frequency
planes of all components of IMFs (n = 4, see (47)) as well
as main data, with both healthy and faulted coils, are plotted
in Fig. 16. As seen in this figure, the main data of two coils
has the maximum similarity before fault zone (0.015 < time
< 0.024). The maximum positive frequency of faulty coil in
the main data is obtained as 1292 Hz, which show the lower
current and higher energy.

The power–spectrum analysis of the current of healthy
motor, faulty motor, and the short–circuit branch is carried
out with signal analysis toolbox of Matlab software, and is
shown in Fig. 17. As shown in this figure, the obtained power
with short–circuit coil and switch is higher than healthy case.

V. DISCUSSION
The summarized results of the obtained data are rendered in
Table 2. In the broken sheet fault, all parameters except of cur-
rents are increased, while they are decreased in short circuit
fault. The maximum flux density of sheet under broken sheet
fault is increased about 262% that is so high. In addition, both
of back–iron and primary core are saturated under this fault.
Besides, the power loss of the secondary sheet is grew up that
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TABLE 2. The various parameters variation under various faults.

causes increment of aluminum temperature. However, due to
speed rising in this area, about 43 %, this temperature rising
could be disregard, which is the SLIMs advantage, unless in
applications that motor move back again. The thrust under
broken sheet is also increased based on Table 2 and Fig. 7,
which disrupts in the performance. The back EMFs of all
windings are also increased, which is owing to increasing of
speed.

In short–circuit fault, the speed and thrust are like decre-
ment percentage, about −42 %. In addition, the back EMF
of phase ‘‘b’’ is also decreased 25 %, due to only one coil
of 4 coils is faulted. The maximum flux density of all com-
ponents of motor under short circuit fault is reduced that are
shown in Table 2. This Table could illustrate the main prop-
erties of each fault. This properties are also employed as a
pattern in the next analysis. When this two faults are occurred
simultaneously, the results could be combined together, based
on Table 2.

Based on Table 2, the localization of fault could be carried
out. In thismethod, the line (phase to phase) voltage is consid-
ered to detect the location of fault. The current and voltage of
phase ‘‘b’’ under short circuit is non zero. Moreover, the back
EMFs of 3-phase under broken sheet fault are increased that
shows themechanical fault. By considering the speed (m.s−1)
and start time of variation of it (s), the location (m) of fault
could be found.

VI. CONCLUSION
In this paper, the dynamic model of the HTS–SLIM under
both healthy and faulty modes is proposed and it was solved
with FEM. In this proposed modeling, the end effects of
SLIMs is considered for obtaining a comprehensive model.
Moreover, the HHT is employed to detection the signal
features of the voltages and currents for broken secondary
and short–circuit primary, respectively. The results show that
in broken secondary sheet, the voltages of windings could
increase to about 8 times of its healthy condition. In addi-
tion, the thrust is also suddenly increased about 10 times.
However, the increment rate of speed was about 25 %.

The FEM results showed that the current density as well as
flux density in the secondary conductor were increased at
least 500 %. The short–circuit fault has vice versa results
of broken case. In other words, the thrust and speed was
decreased and the current density in aluminum sheet was
reduced. With more assessment with HHT for detection the
type of fault, it could be find out that broken secondary
prepared lower harmonic frequencies and the short–circuit
fault has introduced with higher ones. This result could be
also obtained with power–spectrum analysis of thementioned
faults.
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