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Study of IPMSM Interturn Faults Part I:
Development and Analysis of Models With
Series and Parallel Winding Connections

Bon-Gwan Gu

Abstract—In this study, the interturn fault (ITF) models of inte-
rior permanent magnet synchronous motors (IPMSMs) employing
series and parallel winding connections were developed through
the addition of saliency modeling to the surface-mounted perma-
nent magnet motor models presented in a previous work. The
saliency model was obtained by using deformed flux models based
on both the fault winding flux information and inductance varia-
tions caused by cross-flux linkages that depend on the distribution
of same-phase windings. By assuming a balanced three-phase cur-
rent injection, positive and negative sequence voltages, and the fault
current are obtained in the positive and negative synchronous ref-
erence frames. The output torque models were developed by adding
the magnet and reluctance torques, which were derived from the
developed models. To verify the proposed IPMSM models with an
ITF, a finite element method-based simulation and experimental
measurements were performed; the results are presented in this
paper.

Index Terms—Interturn fault, IPMSM, negative sequence,
positive sequence.

I. INTRODUCTION

OWING to their high efficiency and power density, the
permanent magnet synchronous motors (PMSMs) are fa-

vored for many applications such as industrial drives, home
appliances, and electric vehicles (EVs) [1]–[3]. PMSM can be
categorized as surface PMSMs (SPMSMs) or interior PMSMs
(IPMSMs) depending on the permanent magnet position. The
IPMSM has a more complicated electrical model than the
SPMSM based on the saliency. However, because of the
saliency, the IPMSM has high torque and power densities.

An IPMSM normally works as the main motive power source
for mechanical movement in many applications. Hence, the mo-
tor fault detection function of the motor drive is a major relia-
bility index for the whole system. For example, the EV traction
motor fault is a severe problem because it directly disables the
vehicle propulsion function. However, if a fault is detected and
the driver is informed early enough that the traction motor can
propel the vehicle to a nearby repair shop, the unwanted vehicle
stoppages can be avoided.
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A common motor fault is the winding turn short, which is
caused by coil insulation failure [4]–[6], [8], [9], [11], [14],
[20], [23]. As the coil insulation material is under high voltage
and temperature stresses, it gradually deteriorates and finally
loses its insulating characteristics; this is called an interturn
fault (ITF). When this happens, the shorted turns configure an
extra circuit loop coupled to flux linkages by other motor wind-
ings and the rotor magnet. Owing to the low impedance and
high-coupled flux linkage voltage, a high-fault current is thus
induced in the ITF windings, which generates ohmic loss and
heat that further weaken the surrounding insulation material [7].
Through this process of positive feedback, an ITF can easily ex-
pand into nearby windings, enlarging a small ITF into a severe
one [26]. The large fault current in the additional current path
can also produce irreversible demagnetization of the rotor per-
manent magnets [22], [27]. Therefore, it is essential to detect
and manage incipient ITFs.

If an ITF occurs, there are imbalances in the three-phase
impedance and back-electromotive force (EMF); as a result,
negative sequence terms are induced within the motor current
or voltage. A number of previous studies have used imbalanced
data to detect ITFs [9]–[14] and unexpected frequency currents
or voltages [15], [16]. Although these fault detection schemes
are simple and easy to implement, they require the fault thresh-
old level to be predefined based on rich motor pretest data owing
to the absence of accurate PMSM models subjected to an ITF.
If accurate ITF models of the PMSM can be derived, the pretest
to define the threshold level will be much simpler. Hence, to
implement an ITF detection method for a specific motor, de-
riving an adequate IPMSM model that incorporates an ITF is
required. A number of previous studies have developed SPMSM
models. Other studies [17]–[24] have produced ITF models of
PMSMs by using the winding function [17], [22] or a simpli-
fied model [18]–[21], [23], [24] to derive the motor inductance
arising from ITFs. However, such models are inaccurate with
respect to multipole motors because they ignore flux couplings
between ITF windings and healthy windings in the same phase.
Romeral et al. [21] and Jeong et al. [24] proposed simplified
fault models. Their inductance models assume that the ITF hap-
pens equally on every winding set of the motor in proportion to
the turn short fault ratio. However, an ITF normally occurs in
one winding set. Hence, the ITF induces a flux unbalance in the
motor. Gu et al. [25] modeled this kind of problem. However,
such models are inaccurate with respect to multipole motors be-
cause they ignore flux couplings between turn-faulted winding
and other healthy windings in the same phase.
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Gu et al. [26] developed ITF models of SPMSMs employing
series and parallel winding connections by using deformed flux
models based on both the fault winding flux information and
the inductance variations caused by cross-flux linkages that de-
pend on the distribution of the same phase windings. IPMSMs
are similar to SPMSMs except for the magnetic saliency. The
saliency induces an inductance variation depending on the rotor
position, which makes the IPMSM model more complicated. In
this study, a direct quadrate (d-q) model of an IPMSM experi-
encing an ITF was developed in the positive and the negative
sequence synchronous reference frames (SRFs). Both series and
parallel winding IPMSMs were modeled by adding the saliency
effect to the SPMSM model. First, a fault current conducting
a fault winding was derived. Then, the d-q positive and nega-
tive sequence voltages from only the saliency were derived and
added to the SPMSM model for the complete IPMSM model
with an ITF. A finite element method (FEM) simulation and
back-EMF measurement were conducted to validate the pro-
posed model.

II. IPMSM MODEL WITH SERIES-CONNECTED WINDING

Fig. 1 shows the (a) six-pole nine-slot IPMSM with concentric
windings and (b) winding configuration of a series connection
subjected to an ITF. Here, a1, a2, a3, b1, b2, b3, c1, c2, and c3
are the winding numbers of each phase; ia , ib , and ic , denote
the phase currents; va , vb , and vc denote the voltages of the a-,
b-, and c-phase windings. As insulation failures do not provide
a zero resistance path, as discussed by Jeong et al. [24] and Gu
et al. [26], the failure spot can be described as the fault resistance
Rf with the ITF current if . The a-phase winding is assumed to
have an ITF. The turn short fault winding shown in Fig. 1 makes
another fault circuit loop composed of the fault resistance Rf ,
a fault winding inductance, and a fault winding flux linkage.

Because of the rotor saliency, the self- and cross-coupling
inductances of the healthy IPMSM vary depending on the elec-
trical rotor angle θ: see (1) shown at the bottom of the next
page. where L1 = Ld +Lq

3 and L2 = Lq −Ld

3 . Ld , Lq , and Ll

denote the d- and q-axis stator inductances in the SRF and the
leakage inductance. L2 represents the saliency inductance. If L2
is zero (Ld = Lq ), the saliency effect vanishes, and the induc-
tance model (1) is equal to that of the SPMSM. Although the
self- and cross-inductances contain sine and cosine terms, they
are summed to be constant values when the IPMSM dynamic
equation is transformed into the SRF. That simplifies the dy-
namic IPMSM model in the SRF enough for it to be utilized in
the motor drive design and analysis. However, an IPMSM with
an ITF has a more complicated inductance matrix because of
the fault winding interference with the balanced flux linkages.

The IPMSM magnetic coupling path between each phase
winding is the same as that of the SPMSM except for saliency;
the inductance variation by the ITF can be described as that
of the SPMSM excluding the saliency. Here, the healthy turn
ratio of a1 is defined as x = Nhealthy/N , where Nhealthy and
N denote the a1 winding healthy turn number and total turn
number. Hence, for an SPMSM model with an ITF [26] and (1),

the IPMSM voltage equation can be derived as follows:

⎡
⎢⎢⎢⎢⎣

va

vb

vc

0

⎤
⎥⎥⎥⎥⎦

= Rs

⎡
⎢⎢⎢⎢⎣

ia

ib

ic

if

⎤
⎥⎥⎥⎥⎦

+
d

dt
Ls

⎡
⎢⎢⎢⎢⎣

ia

ib

ic

if

⎤
⎥⎥⎥⎥⎦

+ ωψm

⎡
⎢⎢⎢⎢⎣

−(1 − (1 − x)2/P ) sin θ

− sin(θ − 2π/3)

− sin(θ + 2π/3)

−(1 − x)(2/P ) sin θ

⎤
⎥⎥⎥⎥⎦

(2)

where

Rs =

⎡
⎢⎢⎢⎢⎢⎣

Rs11 0 0 Rs14

0 Rs22 0 0

0 0 Rs33 0

Rs41 0 0 Rs44

⎤
⎥⎥⎥⎥⎥⎦

,

Ls =

⎡
⎢⎢⎢⎢⎢⎣

Ls11 Ls12 Ls13 Ls14

Ls21 Ls22 Ls23 Ls24

Ls31 Ls32 Ls33 Ls34

Ls41 Ls42 Ls43 Ls44

⎤
⎥⎥⎥⎥⎥⎦

Rs11 = R + (x − 1)
2
P

R + Rf ,Rs14 = Rs41 = −Rf ,

Rs22 = Rs33 = R,Rs44 = (1 − x)
2
P

R + Rf

Lsij =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ksij (L1 − L2 cos 2θ) if (i, j) = (1, 1),

(1, 4), (4, 1), (4, 4)

ksij

(
L1 − L2 cos(2θ + 2π

3 )
)

if (i, j) = (2, 2)

ksij

(
L1 − L2 cos(2θ − 2π

3 )
)

if (i, j) = (3, 3)

ksij (L1 + 2L2 cos 2θ) if (i, j) = (2, 3),

(3, 2)

ksij

(
L1 + 2L2 cos(2θ − 2π

3 )
)

if (i, j) = (1, 2),

(2, 1), (2, 4), (4, 2)

ksij

(
L1 + 2L2 cos(2θ + 2π

3 )
)

if (i, j) = (1, 3),

(3, 1), (3, 4), (4, 3)

ks11 = 1 +
2(x2 − 1)
P (1 − γ)

+
4γ(1 − x)
P (1 − γ)

, ks12 = ks21 = ks13

= ks31 = −1
2

+
1 − x

P

ks22 = ks33 = 1, ks23 = ks32 = −1
2
, ks14 = ks41
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Fig. 1. (a) 6-pole-9-slot IPMSM cross-sectional figure, (b) series connected winding configuration with ITF.

= −2(1 − x)γ
P (1 − γ)

+
2x(1 − x)
P (1 − γ)

ks24 = ks42 = ks34 = ks43 = −1 − x

P
, ks44 =

2(1 − x)2

P (1 − γ)
.

R, ω(= dθ/dt), and ψm denote the phase resistance, elec-
trical angular velocity, and back-EMF constant, respectively. γ
denotes the coupling factor, which was discussed by Gu et al.
[26], to represent the coupling effect between the same wind-
ings. As the leakage inductance Ll is much less than L1 and
L2 , the leakage inductance can be assumed to be zero in (2) for
simplification.

γ defines the coupled flux linkage ratio in the same phase
windings. Hence, considering the flux path through the rotor
structure with saliency, γ is a function of θ similar to the phase
inductance. Specifically, γ has a constant value like L1 and a sine
function value like L2 . If these characteristics are considered in
the IPMSM voltage equation with an ITF, this would be too
complex to analyze. Here, γ is assumed to be a constant value
to simplify the IPMSM voltage equation, as shown in (2).

In an inverter-fed PMSM, a negative sequence current can
easily be rejected by using a negative sequence current con-
troller, as discussed by Jeong et al. [24]. To simplify the model,

we can therefore assume that only a positive sequence phase
current without any harmonics is injected through the winding
[26]

ia = −Iq sin θ + Id cos θ (3)

ib = −Iq sin
(

θ − 2π

3

)
+ Id cos

(
θ − 2π

3

)
(4)

ic = −Iq sin
(

θ +
2π

3

)
+ Id cos

(
θ +

2π

3

)
. (5)

where Id and Iq denote the d-q axis currents in the SRF.
The second term on the right-hand side of (2) is the product

of the inductance matrix and current matrix. As the inductance
matrix has second-order harmonics, the third harmonic is pro-
duced in the flux linkage by the product of the second harmonic
inductance and fundamental current. If the IPMSM has no ITF,
the sum of the third harmonic flux linkage is zero. However,
with an ITF, the third harmonic flux linkage is not zero and gen-
erates a third harmonic in the phase voltage and the fault current
if . If the fault current if has a third harmonic, the product of
the second-order inductance harmonic by the saliency and the
third-order harmonic current produces the fifth harmonic flux
linkage, which produces a fifth-order harmonic fault current.

λabc =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ll + L1 − L2 cos 2θ −L1

2
− L2 cos

(
2θ − 2π

3

)
−L1

2
− L2 cos

(
2θ +

2π

3

)

−L1

2
− L2 cos

(
2θ − 2π

3

)
Ll + L1 − L2 cos

(
2θ +

2π

3

)
−L1

2
− L2 cos 2θ

−L1

2
− L2 cos

(
2θ +

2π

3

)
−L1

2
− L2 cos 2θ Ll + L1 − L2 cos

(
2θ − 2π

3

)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎣

ia

ib

ic

⎤
⎥⎦ (1)
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Through this procedure, the fault current has multiple high odd-
order harmonics. However, as the harmonic order increases,
the magnitude decreases dramatically. The fundamental of the
fault current is much greater than any other order harmonic. For
simplification, the fault current was assumed to only have the
fundamental current

if = αs1 sin θ + αs2 cos θ + αs3 sin 3θ + αs4 cos 3θ

+ αs5 sin 5θ + αs6 cos 5θ + · · · ≈ αs1 sin θ + αs2 cos θ

(6)

where αs1 , αs2 , αs3 , αs4 , αs5 , and αs6 denote coefficients of
high-order harmonics.

By taking the fourth row of (2) and ignoring the third har-
monic terms obtained from the product of the inductance and
fundamental current, we can obtain the fault circuit equation

0 = sin θ

⎛
⎜⎜⎜⎝

−IqRs41 + Rs44αs1 − ωIdL1(ks41 − ks42)

+ωIdL2
( 1

2 ks41 − 2ks42
)
− ωks44L1αs2

+1
2 ωks44L2αs2 − ωψm (1 − x) 2

P

⎞
⎟⎟⎟⎠

+ cos θ

⎛
⎜⎜⎜⎝

IdRs41 + Rs44αs2 − ωIqL1(ks41 − ks42)

−ωIqL2
( 1

2 ks41 − 2ks42
)

+ ωks44L1αs1

+1
2 ωks44L2αs1

⎞
⎟⎟⎟⎠

(7)

sin θ and cos θ are mutually orthogonal. To satisfy (7) for any θ,
the coefficients of sin θ and cos θ should be zero. Hence, from
(7), αs1 and αs2 can be obtained as (8) shown at the bottom of
the page. where Δs = R2

s44 − ω2k2
s44

( 1
4 L2

2 − L2
1
)
. The first,

second, and third rows of (2) can be described as (9) shown
at the bottom of the next page. Assuming Lm = L1 , the first,
second, and third terms of the right-hand side of (9) are the same
as those of the SPMSM model, which was described in [26]. The
last term on the right-hand side of (9) represents the saliency
effect. Hence, by adding the fourth term to the positive and
negative sequence voltage equations of the SPMSM model, the
whole IPMSM model with an ITF can be derived. Based on (9)

and [26], the positive and negative sequence voltage equations
can be derived as (10) and (11) as shown at the bottom of the
next page, where

⎡
⎢⎣

va

vb

vc

⎤
⎥⎦ = Te−Jθ

[
V +

de

V +
qe

]
+ TeJθ

[
V −

de

V −
qe

]
,

T =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1 0

−1
2

√
3

2

−1
2

−
√

3
2

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

, eJθ =

⎡
⎣

cos θ sin θ

− sin θ cos θ

⎤
⎦ .

Here,
[
V +

de V
+
qe

]T
and

[
V −

deV
−
qe

]T
denote the positive and nega-

tive sequence voltages, respectively. The first terms of (10) and
(11) are from the SPMSM ITF model, and the second term rep-
resent the saliency obtained by transforming the last term of (9)
into the positive and negative sequence SRFs.

The IPMSM torque is the sum of the magnet torque and
reluctance torque. The magnet torque was described in [26].
Here, we derive the reluctance torque generated by the saliency.
The reluctance torque is produced by the magnetic flux of the
motor current. In terms of the magnetic flux, the total d-q axis
motor current can be expressed as follows:

[
Ide

Iqe

]
=

2
3
eJθT

T

⎡
⎢⎢⎣

ia − 2
P

(1 − x)ia +
2
P

(1 − x)if

ib

ic

⎤
⎥⎥⎦

=

⎡
⎢⎢⎣

4
3P

(1 − x) cos θ(Iq sin θ − Id cos θ + if ) + Id

− 4
3P

(1 − x) sin θ(Iq sin θ − Id cos θ + if ) + Iq

⎤
⎥⎥⎦

(12)

where Ide and Iqe denote the equivalent d-q axis current in
terms of the magnetic flux vector. With the magnet torque and

[
αs1

αs2

]
=

1
Δs

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

Rs44

⎛
⎝

Rs41Iq + ωψm (1 − x) 2
P + ωIdL1(ks41 − ks42)

−ωIdL2( 1
2 ks41 − 2ks42)

⎞
⎠

+
(
ωks44L1 − 1

2 ωks44L2
)

(
−Rs41Id + ωIqL1(ks41 − ks42) − ωIqL2( 1

2 ks41 − 2ks42)
)

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎝

Rs44
(
−Rs41Id + ωIqL1(ks41 − ks42) + ωIqL2( 1

2 ks41 − 2ks42)
)

+
(
−ωks44L1 − 1

2 ωks44L2
)

(
−Rs41Iq + ωIdL1(ks41 − ks42) − ωIdL2( 1

2 ks41 − 2ks42) + ωψm (1 − x) 2
P

)

⎞
⎟⎟⎟⎟⎠

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(8)
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reluctance torque, the total IPMSM torque can be derived

T =
3P

4
Iqψm − (1 − x)ψm sin θ(−ia + if )

−3P

4
LdLqIdeIqe

=
3P

4
Iqψm − (1 − x)ψm sin θ(−ia + if )

−27P

16
(L2

1 − L2
2)IdIq +

9
4
(L2

1 − L2
2)Id(1 − x)

sin θ(−ia + if ) − 9
4
(L2

1 − L2
2)Iq (1 − x) cos θ(−ia + if )

+
3

2P
(L2

1 − L2
2)(1 − x)2 sin 2θ(−ia + if )2 . (13)

The first and second terms represent the magnet torque [26], and
the others represent the reluctance torque generated by Ide and
Iqe .

III. IPMSM MODEL WITH PARALLEL-CONNECTED WINDING

Fig. 2 shows a parallel-connected winding configuration with
an ITF. Here, ip1 and ip2 denote the remnant healthy a1 winding
current and the current of other windings, respectively. The sum
of these is ia (ia = ip1 + ip2). With three healthy windings, ip1
and ip2 are both ia/3 and 2ia/3 and have the same current phase.
However, because a turn short fault lowers the impedance in the
a1 winding, ip1 and ip2 develop differing current magnitudes
and phases. Thus, when analyzing a parallel-connected winding,

⎡
⎢⎣

va

vb

vc

⎤
⎥⎦ =

⎡
⎢⎢⎣

Rs11 0 0 Rs14

0 Rs22 0 0

0 0 Rs33 0

⎤
⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

ia

ib

ic

if

⎤
⎥⎥⎥⎥⎦

+ ωψ

⎡
⎢⎢⎣
−

(
1 − (1 − x) 2

P

)
sin θ

− sin(θ − 2π
3 )

− sin(θ + 2π
3 )

⎤
⎥⎥⎦

+ L1

⎡
⎢⎢⎣

ks11 ks12 ks13 ks14

ks21 ks22 ks23 ks24

ks31 ks32 ks33 ks34

⎤
⎥⎥⎦

d

dt

⎡
⎢⎢⎢⎢⎢⎣

ia

ib

ic

if

⎤
⎥⎥⎥⎥⎥⎦

+L2
d

dt

⎡
⎢⎢⎣

−ks11 cos 2θ 2ks12 cos(2θ − 2π
3 ) 2ks13 cos(2θ + 2π

3 ) −ks14 cos 2θ

2ks21 cos(2θ − 2π
3 ) −ks22 cos(2θ + 2π

3 ) 2ks23 cos 2θ 2ks24 cos(2θ − 2π
3 )

2ks31 cos(2θ + 2π
3 ) 2ks32 cos 2θ −ks33 cos(2θ − 2π

3 ) 2k34 cos(2θ + 2π
3 )

⎤
⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

ia

ib

ic

if

⎤
⎥⎥⎥⎥⎥⎦

(9)

[
V +

de

V +
qe

]
=

1
3

⎡
⎢⎢⎢⎢⎢⎢⎣

(
(Rs11 + 2Rs22)Id + Rs14αs2 + ωL1(ks14 − ks24)αs1

+ωL1(−ks11 + 2ks12 − 2ks22 + ks23)Iq

)

(
(Rs11 + 2Rs22)Iq − Rs14αs1 + ωL1(ks14 − ks24)αs2

−ωL1(−ks11 + 2ks12 − 2ks22 + ks23)Id + (3 − 2
P (1 − x))ωψm

)

⎤
⎥⎥⎥⎥⎥⎥⎦

+
ωL2

6

[
(−ks11 + 8ks12 − 2ks22 + 4ks23)Iq + (ks14 − 4ks24)αs1

(−ks11 + 8ks21 − 2ks22 + 4ks23)Id + (−ks14 + 4ks24)αs2

]
(10)

[
V −

de

V −
qe

]
=

1
3

⎡
⎢⎢⎢⎢⎢⎢⎣

(
(Rs11 − Rs22)Id + Rs14αs2 + ωL1(ks14 − ks24)αs1

+ωL1(−ks11 + 2ks12 + ks22 − 2ks23)Iq

)

(
−(Rs11 + 2Rs22)Iq + Rs14αs1 − ωL1(ks14 − ks24)αs2

+ωL1(−ks11 + 2ks12 + ks22 − 2ks23)Id + 2
P (1 − x)ωψm

)

⎤
⎥⎥⎥⎥⎥⎥⎦

+
ωL2

6

[
(−ks11 + 2ks12 + ks22 − 2ks23)Iq + (ks14 + 2ks24)αs1

(ks11 − 2ks21 − ks22 + 2ks23)Id + (ks14 + 2ks24)αs2

]
(11)
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Fig. 2. Parallel-connected winding configuration with turn short fault.

not only the fault current but also the current distribution in the
healthy winding must be considered [26].

As with a series connection, the voltage dynamic equation of
an IPMSM with a turn short fault can be obtained with (1) and
[26]

⎡
⎢⎢⎢⎢⎢⎢⎣

va

va

vb

vc

0

⎤
⎥⎥⎥⎥⎥⎥⎦

= Rp

⎡
⎢⎢⎢⎢⎢⎢⎣

ip1

ip2

ib

ic

if

⎤
⎥⎥⎥⎥⎥⎥⎦

+
d

dt
Lp

⎡
⎢⎢⎢⎢⎢⎢⎣

ip1

ip2

ib

ic

if

⎤
⎥⎥⎥⎥⎥⎥⎦

+ ωψm

⎡
⎢⎢⎢⎢⎢⎢⎣

−x sin θ

− sin θ

− sin(θ − 2π/3)

− sin(θ + 2π/3)

(x − 1) sin θ

⎤
⎥⎥⎥⎥⎥⎥⎦

(14)

where

Rp =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Rp11 0 0 0 Rp15

0 Rp22 0 0 0

0 0 Rp33 0 0

0 0 0 Rp44 0

Rp51 0 0 0 Rp55

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

Lp =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Lp11 Lp12 Lp13 Lp14 Lp15

Lp21 Lp22 Lp23 Lp24 Lp25

Lp31 Lp32 Lp33 Lp34 Lp35

Lp41 Lp42 Lp43 Lp44 Lp45

Lp51 Lp52 Lp53 Lp54 Lp55

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Rp11 = x
P

2
R + Rf , Rp15 = Rs51 = −Rf , Rp22 =

PR

P − 2
,

Rp33 = Rp44 = R,

Rs55 = (1 − x)
P

2
R + Rf

Lpij =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

kpij (L1 − L2 cos 2θ) if (i, j) = (1, 1),

(1, 2), (1, 5), (2, 1),

(2, 2), (2, 5), (5, 1),

(5, 2), (5, 5)

kpij

(
L1 − L2 cos

(
2θ +

2π

3

))
if (i, j) = (3, 3)

kpij

(
L1 − L2 cos

(
2θ − 2π

3

))
if (i, j) = (4, 4)

kpij (L1 + 2L2 cos 2θ) if (i, j) = (3, 4),

(4, 3)

kpij

(
L1 + 2L2 cos

(
2θ − 2π

3

))
if (i, j) = (1, 3),

(2, 3), (3, 1), (3, 2),

(3, 5), (5, 3)

kpij

(
L1 + 2L2 cos

(
2θ +

2π

3

))
if (i, j) = (1, 4),

(2, 4), (4, 1), (4, 2),

(4, 5), (5, 4)

kp11 =
Px2

2(1 − γ)
, kp12 = kp21 =

Pxγ

(P − 2)(1 − γ)
, kp13

= kp31 =
−x

2
, kp15 = kp51 =

Px(1 − x)
2(1 − γ)

,

kp22 =
P

P − 2

(
1 +

2γ

(1 − γ)(P − 2)

)
, kp23 = kp32 = kp24

= kp42 = kp34 = kp43 = −1
2
,

kp25 = kp52 =
P (1 − x)γ

(P − 2)(1 − γ)
, kp33 = kp44 = 1, kp35

= kp53 = kp45 = kp54 = −1 − x

2
, kp55 =

P (1 − x)2

2(1 − γ)
.

As discussed in the previous section for a series-connected
winding, the same analysis can be used to develop a steady-
state equation for a parallel-connected winding. The a1 winding
current ip1 , remnant winding current ip2 , and fault current, if
can be defined as

ip1 = αp1 sin θ + αp2 cos θ (15)

ip2 = −(Iq + αp1) sin θ + (Id − αp2) cos θ (16)

if = βp1sinθ + βp2cosθ (17)

where αp1 , αp2 , βp1 , and βp2 denote the coefficients of the sine
and cosine function. From the first, second, and last rows of (14),
detailed descriptions of αp1 , αp2 , βp1 , and βp2 are obtained

[
αp1 αp2 βp1 βp2

]T = Ap
−1Bp (18)
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where, see the unnumbered equation as shown ath the bottom
the page From the second, third, and fourth rows of (14) and
with (15)–(17), the phase voltage equation can be given as

⎡
⎢⎣

va

vb

vc

⎤
⎥⎦ =

⎡
⎢⎣

Rp22ip2

Rp33ib

Rp44ic

⎤
⎥⎦ + L1

⎡
⎢⎣

kp21 kp22 kp23 kp24 kp25

kp31 kp32 kp33 kp34 kp35

kp41 kp42 kp43 kp44 kp45

⎤
⎥⎦

d

dt

⎡
⎢⎢⎢⎢⎢⎢⎣

ip1

ip2

ib

ic

if

⎤
⎥⎥⎥⎥⎥⎥⎦

+ ωψm

⎡
⎢⎣

− sin θ

− sin(θ − 2π/3)

− sin(θ + 2π/3)

⎤
⎥⎦

+L2
d

dt

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−kp21 cos 2θ − kp22 cos 2θ

2kp23 cos
(

2θ − 2π

3

)
2kp24 cos

(
2θ +

2π

3

)
− kp25 cos 2θ

2kp31 cos
(

2θ − 2π

3

)
2kp32 cos

(
2θ − 2π

3

)

−kp33 cos
(

2θ +
2π

3

)
2kp34 cos 2θ2kp35 cos

(
2θ − 2π

3

)

2kp41 cos
(

2θ +
2π

3

)
2kp42 cos

(
2θ +

2π

3

)

2kp43 cos 2θ − kp44 cos
(

2θ − 2π

3

)
2kp45 cos

(
2θ +

2π

3

)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

ip1

ip2

ib

ic

if

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

. (19)

If Lm = L1 like in the series-connected winding case, the first,
second, and third terms of the right-hand side of the equa-
tion are the same as the SPMSM equations described in [26].
Hence, by adding the SPMSM model and the fourth term in the
d-q rotating reference frame, the positive and negative sequence
voltage equations can be derived as follows:

The second terms of (20) and (21), shown at the bottom
of the next page, represent the saliency. As described in the
previous section, the IPMSM torque is the sum of the magnet
and reluctance torques. The reluctance torque depends on the
magnetic flux produced by each total d-q axis current in the SRF.
In terms of the magnetic flux, the total d-q axis motor current
can be expressed as follows:

[
Ide

Iqe

]
=

2
3
eJθT

T

⎡
⎢⎢⎢⎢⎣

ip2 + xip1 + (1 − x)if

ib

ic

⎤
⎥⎥⎥⎥⎦

Ap =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Rp11 + Rp22

⎛
⎜⎝

ω(−kp11 + 2kp12 − kp22)
(

L1 −
L2

2

)
⎞
⎟⎠ Rp15

⎛
⎜⎝

ω(−kp15 + kp25)
(

L1 −
L2

2

)
⎞
⎟⎠

⎛
⎜⎝

ω(kp11 − 2kp12 + kp22)
(

L1 +
L2

2

)
⎞
⎟⎠ Rp11 + Rp22

⎛
⎜⎝

ω(kp15 − kp25)
(

L1 +
L2

2

)
⎞
⎟⎠ Rp15

Rp51

⎛
⎜⎝

ω(−kp51 + kp52)
(

L1 −
L2

2

)
⎞
⎟⎠ Rp55 −ωkp55

(
L1 −

L2

2

)

⎛
⎜⎝

ω(kp51 − kp52)
(

L1 +
L2

2

)
⎞
⎟⎠ Rp51 ωkp55

(
L1 +

L2

2

)
Rp55

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Bp =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ωL1(kp12 − kp13 − kp22 + kp23)Id − Rp22Iq + ω
L2

2
(−kp12 + 4kp13 + kp22 − 4kp23)Id + (x − 1)ωψm

ωL1(kp12 − kp13 − kp22 + kp23)Iq + Rp22Id + ω
L2

2
(kp12 − 4kp13 − kp22 + 4kp23)Iq

ωL1(kp52 − kp53)Id − ω
L2

2
(−kp52 − 4kp53)Id − (x − 1)ωψm

ωL1(kp52 − kp53)Iq − ω
L2

2
(kp52 − 4kp53)Iq

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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=

⎡
⎢⎢⎣

2
3
(1 − x) cos θ(−ip1 + if ) + Id

−2
3
(1 − x) sin θ(−ip1 + if ) + Iq

⎤
⎥⎥⎦ . (22)

With the magnet and reluctance torques, the total IPMSM torque
can be derived

T =
3P

4
Iqψm −(1 − x)ψm sin θ(−ia + if ) − 3P

4
LdLqIdeIqe

=
3P

4
Iqψm −(1 − x)ψm sin θ(−ia + if )− 27P

16
(L2

1 − L2
2)

IdIq +
9P

8
(L2

1 − L2
2)Id(1 − x) sin θ(−ip1 + if )

−9P

8
(L2

1 − L2
2)Iq (1 − x) cos θ(−ip1 + if )

+
3P

8
(L2

1 − L2
2)(1 − x)2 sin 2θ(−ip1 + if )2 . (23)

The first and second terms of (22) represent the magnet torque,
and the others represent the reluctance torque.

IV. FEM SIMULATION, MEASUREMENT, AND DISCUSSION

We performed FEM simulations to validate the ITF model
with the series and parallel winding connections presented in this
paper. Fig. 3 shows (a) an FEM mesh generation of the IPMSM
model and external circuit models of the (b) series- and (c)
parallel-connected windings. Here, iRf denotes the fault resistor
current and can be defined as iRf = ia − if and iRf = ip1 − if
for the series- and parallel-connected windings, respectively. In
Fig. 3(b) and (c), a1 is composed of three windings, and the
turn short fault winding is connected to Rf and a switch that,
when turned ON, puts the winding under a turn short fault. Three
windings of a1 were located at the inside, middle, and outside of

TABLE I
MOTOR SPECIFICATIONS

Items Values Units

Pole number 6
Rated phase current 10 [A peak]
Rated phase to phase voltage 27 [V rms]
L1 702 [μH ]
L2 147 [μH ]
Phase resistance R 0.129 [Ω]
Turn short resistance Rf of series/parallel PMSM 0.01/0.1 [Ω]
Healthy turn ration x 0.5833
Coupling factor γ 0.15135

the slot to check the dependency of the fault winding location.
However, there were small differences in the faulty winding
location. All FEM simulation results were for a middle winding
fault. Balanced three-phase current sources were connected to
each phase winding. Table I lists the system parameters. L1 ,
L2 , and γ were obtained from FEM simulations [26]. Under dc
current injection into a-phase windings which are a1, a2, and
a3, L1 , L2 , and γ are given with windings flux linkage data from
FEM simulation. ψm is also obtained from the FEM simulation
with the permanent magnet data and R is calculated using the
coil design data.

Figs. 4 and 5 compare the negative sequence voltage vectors
in the SRF, and the fault resistor current’s cosine (Id − αs2) and
sine (Iq − αs1) terms of the series-connected winding IPMSM,
respectively. These were derived with the FEM simulation and
proposed IPMSM ITF model. The current magnitude Is and
θl denotes the phase current magnitude and current load angle,
respectively. They have the following relationship with the d-q
axis current:

Id = −Is sin θl , Iq = Is cos θl . (24)

[
V +

de

V +
qe

]
=

1
3

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

(
(Rp22 + 2Rp33)Id + ωL1(−kp22 + 2kp23 − 2kp33 + kp34)Iq

+ωL1(kp21 − kp22 − kp31 + kp32)αp1 − Rp22αp2 + ωL1(kp25 − kp35)βp1

)

⎛
⎝ (Rp22 + 2Rp33)Iq + ωL1

(
kp22 − 2kp23 + 2kp33 +

kp34

2

)
Id

+ ωL1(kp21 − kp22 − kp31 + kp32)αp2 + Rp22αp1 + ωL1(kp25 − kp35)βp2 + 3ωψm

⎞
⎠

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

+
ωL2

6

[
(kp21 − kp22 − 4kp31 + 4kp32)αp1 − (kp22 − 16kp32)Iq + (kp25 − 4kp35)βp1

(−kp21 + kp22 + 4kp31 − 4kp32)αp2 − (kp22 − 16kp23)Id − (kp25 − 4kp35)βp2

]
(20)

[
V −

de

V −
qe

]
=

1
3

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

(
(Rp22 − Rp33)Id + ωL1(−kp22 + 2kp23 − 2kp34 + kp33)Iq

+ ωL1(kp21 − kp22 − kp31 + kp32)αp1 − Rp22αp2 + ωL1(kp25 − kp35)βp1

)

⎛
⎝ (−Rp22 + Rp33)Iq + ωL1

(
−kp22 + 2kp23 + kp33 −

kp34

2

)
Id

+ ωL1(−kp21 + kp22 + kp31 − kp32)αp2 − Rp22αp1 + ωL1(−kp25 + kp35)βp2

⎞
⎠

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

+
ωL2

6

[
(kp21 − kp22 + 2kp31 − 2kp32)αp1 − (kp22 + 2kp32)Iq + (2kp35 + kp25)βp1

(kp21 − kp22 + 2kp31 − 2kp32)αp2 + (kp22 + 2kp32)Id + (2kp35 + kp25)βp2

]
(21)
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Fig. 3. FEM simulation models: (a) IPMSM mesh model, (b) FEM circuit model of series-connected windings, and (c) FEM circuit model of parallel-connected
windings.

Fig. 4. Series winding connection IPMSM: (a) negative sequence voltage, (b) cosine and sine term magnitudes of fault resistor current ir f (= ia − if ) for
various speeds and θl = 0 using FEM simulation and proposed model for turn short fault in a-phase winding.

Fig. 4 graphs when θl was fixed to zero and the speed was var-
ied from 2000 to 4000 r/min. In contrast, Fig. 5 graphs when
the speed was fixed to 3500 r/min and θl was varied from zero
to π/3. As the speed of the rotation increased, the negative
sequence voltage in the SRF increased. As the phase current
increased, the negative sequence voltage vector rotated anti-

clockwise when θl was zero (see Fig. 4). However, when θl was
large, the negative Id increases by (23). As a negative Id de-
creased the total air-gap flux, the negative sequence voltage and
fault resistor current decreased as θl increased. The results of the
proposed model were almost identical to the FEM simulation
results.
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Fig. 5. Series winding connection IPMSM: (a) negative sequence voltage, (b) cosine and sine term magnitudes of fault resistor current ir f (= ia − if ) at
3500 r/min and θl = 0, π/12, π/6, π/4, π/3 using FEM simulation and proposed model for turn short fault in a-phase winding.

Fig. 6. Parallel winding connection PMSM: (a) negative sequence voltage, (b) cosine and sine term magnitudes of fault resistor current ir f (= ip1 − if ) for
various speeds and θl = 0 using FEM simulation and proposed model for turn short fault in a-phase winding.

Fig. 7. Parallel winding connection PMSM: (a) negative sequence voltage, (b) cosine and sine term magnitudes of fault resistor current ir f (= ip1 − if ) at
3500 r/min and θl = 0, π/12, π/6, π/4, π/3 using FEM simulation and proposed model for turn short fault in a-phase winding.
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TABLE II
DIFFERENCE BETWEEN FEM SIMULATION AND PROPOSED IPMSM ITF MODEL (FIGS. 4–7)

Speed [r/min] Iq [A] Difference [%]

Series winding (Fig. 4) Parallel winding (Fig. 6)

ε(V−
dqe) ε(|V−

dqe|) (εIRf) ε(|IRf|) (εV−
dqe) (ε|V−

dqe|) (εIRf) (ε|IRf|)
0 2.9 1.5 3.3 3.3 3.8 0.0 1.6 1.6

2000 5 3.7 2.1 3.4 3.3 0.7 0.7 4.5 0.6
10 2.3 0.7 3.1 2.8 3.7 2.0 7.3 2.1
0 3.0 2.1 3.7 3.5 3.8 0.6 1.9 1.9

2500 5 3.8 2.6 3.9 3.5 1.1 1.1 4.8 0.9
10 2.3 1.3 3.6 3.1 3.5 1.6 7.5 1.8
0 3.0 2.5 4.0 3.6 3.7 1.0 2.2 2.1

3000 5 3.7 2.9 4.1 3.6 1.5 1.5 5.0 1.2
10 2.3 1.6 3.9 3.2 3.5 1.2 7.7 1.5
0 3.1 2.7 4.1 3.7 3.6 1.5 2.4 2.3

3500 5 3.7 3 4.3 3.7 1.8 1.7 5.3 1.4
10 2.4 1.9 4.2 3.3 3.6 0.8 7.9 1.2
0 3.1 2.9 4.3 3.7 3.5 1.8 2.6 2.5

4000 5 3.6 3.1 4.5 3.7 2.1 2.0 5.5 1.6
10 2.4 2 4.3 3.3 3.7 0.5 8.1 1.0

θ [deg.] Iq [A] Difference [%]
Series winding (Fig. 5) Parallel winding (Fig. 7)

(V−
dqe) (|V−

dqe|) (IRf) (|IRf|) (V−
dqe) (|V−

dqe|) (IRf) (|IRf|)
0 3.1 2.7 4.1 3.7 3.6 1.5 2.4 2.3

60 5 3.6 3.3 5.2 4.6 3.0 2.9 4.6 2.5
10 4.2 3.9 6.6 5.4 3.2 2.6 7.5 1.0
0 3.1 2.7 4.1 3.7 3.6 1.5 2.4 2.3

45 5 3.6 3.2 5.1 4.4 2.7 2.7 5.2 2.1
10 4.1 3.7 5.8 4.6 3.4 1.3 8.2 0.5
0 3.1 2.7 4.1 3.7 3.6 1.5 2.4 2.3

30 5 3.7 3.1 4.8 4.1 2.4 2.4 5.4 1.7
10 3.9 3.4 5.2 4.1 3.6 0.3 8.5 1.2
0 3.1 2.7 4.1 3.7 3.6 1.5 2.4 2.3

15 5 3.7 3.1 4.6 3.9 2.1 2.0 5.5 1.5
10 3.2 2.7 4.6 3.6 3.7 0.4 8.3 1.4
0 3.1 2.7 4.1 3.7 3.6 1.5 2.4 2.3

0 5 3.7 3 4.3 3.7 1.8 1.7 5.3 1.4
10 2.4 1.9 4.2 3.3 3.6 0.8 7.9 1.2

Figs. 6 and 7 compare the negative sequence voltage vector
in the SRF and the fault resistor current’s cosine (αp2 − βp2)
and sine (αp1 − βp1) terms of the parallel winding IPMSM,
respectively. These were derived using the FEM simulation and
proposed IPMSM ITF model. θl is fixed to zero in Fig. 6, and
the speed is fixed to 3500 r/min in Fig. 7. The model results
were very close to the FEM results.

Table II lists the differences between the FEM simulation
and proposed IPMSM ITF model of Figs. 4–7, where ε(·p) de-
notes the difference function and V−

dqe and IRf are the negative
sequence voltage and the fault resistor current in the complex
domain, respectively. These are defined as follows:

ε(Z) =

∣∣∣∣∣
{Z}FEM − {Ẑ}model

{Z}FEM

∣∣∣∣∣ × 100[%] (25)

V−
dqe = V −

de + jV −
qe (26)

IRf =

{
Id − αs2 − j (Iq + αs1 ) : series winding IPMSM

αp2 − βp2 + j (αp1 − βp1 ) : parallel winding IPMSM

(27)

{ε(V−
dqe), ε(IRf )} and {ε(|V−

dqe |), ε(|IRf |)} are the differ-
ences in the complex domain and the absolute value. For the
series winding IPMSM, the difference is below 5% in most
cases; therefore, the accuracy of the ITF model is excellent. It
is notable, however, that the accuracy is worse for the parallel
winding IPMSM at high phase currents. This is because, for the
parallel winding IPMSM, the dynamics of ip1 as well as if need
to be modeled.

To verify the proposed model, IPMSMs having intermediate
taps for an ITF test were used. Fig. 8(a) shows a picture of series
and parallel winding IPMSMs. At the back of the IPMSMs, the
ITF terminal block is connected to the stator intermediate wind-
ings. Fig. 8(b) and (c) shows the three-phase terminal voltages
va , vb , vc and the fault resistor current iRf of the series winding
and parallel winding, respectively, at 3500 r/min, x = 0.5833
and Is = 0. Here, no external current or voltage source was used
to eliminate additional distortions. The measured phase voltage
and fault resistor current were less than Is = 0.

Figs. 9 and 10 plot the three-phase voltage and fault resis-
tor current according to the measurements, FEM simulation,
and proposed model. The proposed model results were almost
identical to those of the FEM simulation and measured plots
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Fig. 8. (a) Picture of series and parallel winding IPMSMs with turn short fault terminal block, (b) three-phase voltage and fault current measurement results
with series winding at 3500 r/min, Rf = 0.01 and x = 0.5833 (c) three-phase voltage and fault current measurement result with parallel winding at 3500 r/min,
Rf = 0.13 and x = 0.5833.

Fig. 9. Series winding connection IPMSM: (a) three-phase terminal voltage and (b) fault resistor current ir f at 3500 r/min, Rf = 0.01 and x = 0.5833
according to measurement, FEM simulation, and proposed model for turn short fault in a-phase winding.

Fig. 10. Parallel winding connection IPMSM: (a) three-phase terminal voltage and (b) fault resistor current ir f at 3500 r/min, Rf = 0.13 and x = 0.5833
according to measurement, FEM simulation, and proposed model for turn short fault in a-phase winding.
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at the fundamental frequency. The proposed model did not in-
clude high-order harmonics modeling, which caused the dif-
ference between the proposed models plots and those of the
others.

V. CONCLUDING REMARKS

In this study, ITF models of IPMSMs employing series and
parallel winding connections were developed through the addi-
tion of saliency modeling to SPMSM models studied previously.
The saliency effects were modeled with the deformed flux mod-
els considering cross-flux linkages. The developed models were
verified by performing FEM-based simulation and measuring
the back EMFs and fault resistor currents of the series and par-
allel IPMSMs with an ITF.

REFERENCES

[1] G. Wang, H. Zhan, G. Zhang, X. Gui, and D. Xu, “Adaptive compensation
method of position estimation harmonic error for EMF-based observer in
sensorless IPMSM drives,” IEEE Trans. Power Electron., vol. 29, no. 6,
pp. 3055–3064, Jun. 2014.

[2] T. D. Do, S. Kwak, H. H. Choi, and J. W. Jung, “Suboptimal control
scheme design for interior permanent-magnet synchronous motors: an
SDRE-based approach,” IEEE Trans. Power Electron., vol. 29, no. 6,
pp. 3020–3031, Jun. 2014.

[3] S. Y. Jung, J. Hong, and K. Nam, “Current minimizing torque control
of the IPMSM using Ferrari’s method,” IEEE Trans. Power Electron.,
vol. 28, no. 12, pp. 5603–5617, Dec. 2013.

[4] P. O’Donnel, “Report of large motor reliability survey of industrial and
commercial installations: Part 1,” IEEE Trans. Ind. Appl., vol. IA-21, no.
4, pp. 853–864, Jul./Aug. 1985.

[5] P. O’Donnel,, “Report of large motor reliability survey of industrial and
commercial installations: Part 2,” IEEE Trans. Ind. Appl., vol. IA-21, no.
4, pp. 865–872, Jul./Aug. 1985.

[6] O. V. Thorsen and M. Dalva, “A survey of faults on induction motors
in offshore oil industry, petrochemical industry, gas terminals, and oil
refineries,” IEEE Trans. Ind. Appl., vol. 31, no. 5, pp. 1186–1196, Sep./Oct.
1995.

[7] A. H. Bonnett and G. C. Soukup, “Cause and analysis of stator and rotor
failures in three-phase squirrel-cage induction motors,” IEEE Trans. Ind.
Appl., vol. 28, no. 4, pp. 921–937, Jul./Aug. 1992.

[8] A. Gandhi, T. Corrigan, and L. Parsa, “Recent advances in modeling and
online detection of stator interturn faults in electrical motors,” IEEE Trans.
Ind. Electron., vol. 58, no. 5, 1564–1575, May 2011.

[9] M. Arkan, D. L. Perovic. and P. Unswoth, “On-line stator winding fault
diagnosis in induction motors,” IEEE Proc. Electr. Power Appl., vol. 148,
no. 6, pp. 537–547, Nov. 2001.

[10] F. Briz, M. W. Degner, A. Zamarron, and J. M. Guerrero, “On-line stator
winding fault diagnosis in inverter-fed AC machines using high frequency
signal injection,” in Proc. IEEE 37th Conf. Ind. Appl. IAS Annu. Meet.,
2002, vol. 3, pp. 2094–2101.

[11] M. A. Cash, T. G. Habetler, and G. B. Kliman, “Insulation failure predic-
tion in AC machines using line-neutral voltages,” IEEE Trans. Ind. Appl.,
vol. 34, no. 6, pp. 1234–1239, Nov./Dec. 1998.

[12] R. M. Tallam, T. G. Habetler, and R. G. Harley, “Stator winding turn-fault
detection for closed-loop induction motor drives,” IEEE Trans. Ind. Appl.,
vol. 39, no. 3, pp. 720–724, May/Jun. 2003.

[13] M. A. Awadallah, M. M. Morcos, S. Gopalakrishnan, and T. W. Nehl, “A
neuro-fuzzy approach to automatic diagnosis and location of stator inter-
turn fault in CSI-Fed PM brushless DC motors,” IEEE Trans. Energy
Convers., vol. 20, no. 2, pp. 253–259, Jun. 2005.

[14] K. H. Kim, B. G. Gu, and I. S. Jung, “Online fault-detecting scheme of an
inverter-fed permanent magnet synchronous motor under stator winding
shorted turn and inverter switch open,” IET Elect. Power Appl., vol. 5,
no. 6, pp. 529–539, Jul. 2010.

[15] A. Starou, H. G. Sedding, and J. Penman, “Current monitoring for de-
tecting inter-turn short circuits in induction motors,” IEEE Trans. Energy
Convers., vol. 16, no. 1, pp. 32–37, Mar. 2001.

[16] B. M. Ebrahimi, and J. Faiz, “Feature extraction for short-circuit fault
detection in permanent-magnet synchronous motors using stator-current
monitoring,” IEEE Trans. Power Electron., vol. 25, no. 10, pp. 2673–2682,
Oct. 2010.

[17] T. Kim, H. W. Lee, and S. Kwak, “The internal fault analysis of brushless
DC motors based on the winding function theory,” IEEE Trans. Magn.,
vol. 45, no. 5, pp. 2090–2096, May 2009.

[18] K. H. Kim, D. U. Choi, B. G. Gu, and I. S. Jung, “Fault model and
performance evaluation of an inverter-fed permanent magnet synchronous
motor under winding shorted turn and inverter switch open,” IET Electr.
Power Appl., vol. 4, no. 4, pp. 214–225, Apr. 2010.

[19] M. Hadef, A. Djerdir, M. R. Mekideche, and A-O. N’Diaye, “Diagnosis
of stator winding short circuit faults in a direct torque controlled interior
permanent magnet synchronous motor,” presented at the IEEE Vehicle
Power Propulsion Conf., Chicago, IL, USA, 2011.

[20] B. Vaseghi, B. Nahid-Mobarakh, N. Takorabet, and F. Meibody-Tabar,
“Inductance identification and study of PM motor with winding turn short
circuit fault,” IEEE Trans. Magn., vol. 47, no. 5, pp. 978–981, May. 2011.

[21] L. Romeral, J. Urresty, J. R. Ruiz, and A. Espinosa, “Modeling of surface-
mounted permanent magnet synchronous motors with stator winding in-
terturn faults,” IEEE Trans. Ind. Electron., vol. 58, no. 5, 1576–1585, May
2011.

[22] K. T. Kim, J. K. Park, B. W. Kim, and J. Hur, “Comparison of the fault
characteristics of IPM-type and SPM-type BLDC motors under inter-turn
faults conditions using winding function theory,” in Proc. Conf. IEEE
ECCE, 2012, pp. 12671–1269.

[23] R. Islam, M. Islam, J. Tersigni, and T. Sebstian, “Inter winding short
circuit faults in permanent magnet synchronous motors used for high
performance applications,” in Proc. IEEE Energy Convers. Congr. Expo.,
2012, pp. 1291–1298.

[24] I. Jeong, B. J. Hyon, and K. Nam, “Dynamic modeling and control for
SPMSMs with internal turn short faults,” IEEE Trans. Power Electron.,
vol. 28, no. 7, pp. 3495–3508, Jul. 2013.

[25] B. G. Gu, J. H. Choi, and I. S. Jung, “A dynamic modeling and a fault
detection scheme of a PMSM under an inter turn short,” in Proc. IEEE
Vehicle Power Propulsion Conf., 2012, pp. 1074–1080.

[26] B. G. Gu, J. H. Choi, and I. S. Jung, “Development and analysis of
inter-turn short fault model of PMSMs with series and parallel winding
connections,” IEEE Trans. Power Electron., vol. 29, no. 4, pp. 2016–2026,
Apr. 2014.

[27] Y. S. Lee, K. T. Kim, and J. Hur, “Finite-element analysis of the demag-
netization of IPM-type BLDC motor with stator turn fault,” IEEE Trans.
Magn., vol. 50, no. 2, art. no. 7022004, Feb. 2014.

Bon-Gwan Gu received the B.S. degree from the
Kyungpook National University, Daegu, Korea, in
1998, and the M.S. and Ph.D. degrees from the Po-
hang University of Science and Technology, Pohang,
Korea, in 2000 and 2005, respectively, all in electrical
engineering.

From 2005 to 2007, he was with LG electronics,
Seoul, Korea. From 2008 to 2014, he was a Manage-
rial Researcher with Korea Electronics Technology
Institute, Bucheon, Korea. In 2014, he was with the
Kyungpook National University as an Assistant Pro-

fessor in the School of Energy Engineering. His research interests include ac
motor control, dc–dc converters, and PWM converter/inverter system.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


