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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

WING to their high efficiency and power density, the
O 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-g) 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-g 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, al, a2, a3, bl, b2, b3, c1, ¢2, and ¢3
are the winding numbers of each phase; ¢,, ¢, and 7., denote
the phase currents; v,, vy, and v, 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
Ry with the ITF current 7 ;. 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 Ry,
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 : see (1) shown at the bottom of the next
page. where L; = % and Ly = “gL”. L4, Ly, and L
denote the d- and g-axis stator inductances in the SRF and the
leakage inductance. Lo represents the saliency inductance. If L,
is zero (Lg = L), 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 al is defined as * = Nheainy /N, where Nhearny and
N denote the al winding healthy turn number and total turn
number. Hence, for an SPMSM model with an ITF [26] and (1),
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the IPMSM voltage equation can be derived as follows:

Vg 1y 1q
vy 1 d 1
=Rs| | +—=Ls|
Ve i | At
0 iy | i

[—(1—(1—2)2/P)sinf
—sin(f — 27/3)
—sin(0 + 27/3)

—(1—x)(2/P)sinf

where
-Rsll 0 0 R514
0 R,s?? 0 0
Rs - )
0 0 Ry33 0
_R341 0 0 Rs44
(L1 Lsi2 Lss  Lgy
Lo Lgo1 Lgoo Lgz Loy
° Lg31 Lgzo Lgzz Lgsa
_Ls41 Ls42 Ls43 Ls44
2
Ry = R+ (v — 1)FR+ Ry, Ry14 = Renn = — Ry,
2
Ryoy = Ry33 = R, Ry = (1 — I)FR + Ry
ksij (L1 — L2 COS 29) if (i,j) = (1, 1),
(1,4),(4,1),(4,4)
ksij (Ll - L2 COS(29 + 2%)) if (17.]) = (2a 2)
ksij (Ll - L2 COS(QH - 2%)) if (I?J) = (3a3)
L ks;]‘ (L1 —+ 2L2 COS 29) lf (I,J) = (2, 3),
sij — (372)
ksij (L1 4 2L cos(20 — 21)) if (i,§) = (1,2),
(2,1),(2,4),(4,2)
ksij (L1 4 2Ly cos(260 + 21)) if (i,§) = (1,3),
(3, 1), (3, 4)7 (4, 3)
2(z2 — 1)  4y(1 —2)
ks = 1+ » kg2 = ko1 = ka3
P(l—v) P(l-7)
1 1—x
= k,; = ——
$31 5 + P
ksoo = ko33 = 1,kso3 = ks32 = 5 ksi4a = koq1
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Fig. 1. (a) 6-pole-9-slot IPMSM cross-sectional figure, (b) series connected winding configuration with ITF.
21 —xz)y  2z(1 —x) we can therefore assume that only a positive sequence phase
N P(1—7) P(1—7) current without any harmonics is injected through the winding
,  [26]
Fons = oty = kuss = bogs = — % gy = 202

$24 542 s34 543 P s Nvsdd P(]. — ’Y) . ia _ —Iq <in 6 + Id cos b (3)
R, w(= df/dt), and 1), denote the phase resistance, elec- iy = —I,sin (9 _ Q_W) + I cos (g _ 2_7r> 4)

trical angular velocity, and back-EMF constant, respectively. 3 3

denotes the coupling factor, which was discussed by Gu et al. omr omr
[26], to represent the coupling effect between the same wind- ic = —lgsin (9 + E) + 14 cos (6 + 3) )

ings. As the leakage inductance L; is much less than L; and
L,, the leakage inductance can be assumed to be zero in (2) for
simplification.

~ defines the coupled flux linkage ratio in the same phase
windings. Hence, considering the flux path through the rotor
structure with saliency, vy is a function of # similar to the phase
inductance. Specifically, v has a constant value like L; and a sine
function value like L+ . If these characteristics are considered in
the IPMSM voltage equation with an ITF, this would be too
complex to analyze. Here, 7y 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,

where I; and I, denote the d-g 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
iy. If the fault current ¢; 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.

r L 2 L 2 7
L; + Ly — Ly cos 26 ——1—Lgcos (29——7T> ——l—Lgcos (29+—ﬂ->
2 3 2 3 ,
ia
L 2 2 L .
Mabe = | ——~ — Ly cos (20 — i) L, + Ly — Ly cos (29 + 1) L Iycos20 i (D
2 3 3 2 .
e
L 2 L 2
—71—L2cos (2«94—%) —71—L2cos20 L; + Ly — Ly cos <20—§>
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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 = g1 8in0 + aga cosf + a3 sin 30 + a4 cos 30
+ g5 8in 50 + agg cos b + - - - = a1 sin @ + g0 cos b
(6)

where a1, g0, (i3, g4, Qi, and agg 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

— 1 Rsq1 + Roaaasy —wlgLy(ksar — ksa2)
0= sinf | +wl Lo (%1%41 — 2k'842) — wkgya L1 g

+%Wks44L20452 - wd]m (1 - 1’)%

IdR.szLI + R,s44a32 - WL]Ll (ks41 - ks42)

+cosO | —wl Ly (3ksa1 — 2ksa2) + whoaa Liagy

+3wksag Loagy
(7

sin # and cos 6 are mutually orthogonal. To satisfy (7) for any 6,
the coefficients of sin @ and cos € should be zero. Hence, from
(7), as1 and a4 can be obtained as (8) shown at the bottom of
the page. where A, = R%,, — w?k2,, (L3 — L}). The first,
second, and third rows of (2) can be described as (9) shown
at the bottom of the next page. Assuming L,, = L, 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)
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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

v _
a Vi v
v | = Te i + Te?? 1,
+ —
Vi Vi
o 0
cos) siné
S B
o 2 2 ’ o
—sinf cosf
13
L 2 2

Here, [Vd: Vqt]T and [Vd_6 Vq;] " 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-¢g axis
motor current can be expressed as follows:

o — (1= 2)ia + 51— )i
Lge 2 ol T p Wa TP Ty
= —-e'T i
Iqe 3
i
4 . )
ﬁ(l—x)c0s9(1q51n9—ldcost9+zf)+Id
| 4 . : ,
—S—P(l—x)sm@(IqsmH—IdcosG—l—zf)—|—Iq

12)

where I;. and I,. denote the equivalent d-g axis current in
terms of the magnetic flux vector. With the magnet torque and

[ Rs41]q +wwm(1

—0)2 + wlyLy (kasy — Kuso) ]

Rs44
—wlyLo(Skoar — 2kgys)
+ (whsaa Ly — twkyusLo)
Qg1 1
L“ ] N (=Rgar Ly + wlyLy (ksay — kgan) — wlLo(3keay — 2kga0)) ®)
s2 $

Ry (—Roarly + wly Ly (kgat — koaz) + wly Lo (§kear — 2ksa2))
+ (—wkgaa Ly — FwksaaLs)

(—Roarly + wlyLy (ksar — ksaz) — wlgLa(5ksar — 2ksa2) + widy, (1 — ﬂﬁ)%)
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reluctance torque, the total IPMSM torque can be derived
3P
T 1, q wm

3P
_TLquIdque

T = — (1 — )y, sinO(—i, + i)

3P . . .
= quwm — (1 — )y, sinO(—i, + i)

27TP 9
_W(L% — L3) 11, + Z(L% — L3)I;(1—x)

sin0(—i, +1iy) — %(L% — L3)1,(1 — 2)cosO(—i, +if)

+ (13— I3)(1 = 2) sin20(—ia + ).
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The first and second terms represent the magnet torque [26], and
the others represent the reluctance torque generated by ;. and
1

qe:

III. IPMSM MODEL WITH PARALLEL-CONNECTED WINDING

Fig. 2 shows a parallel-connected winding configuration with
an ITF. Here, 7,1 and 4,2 denote the remnant healthy al winding
current and the current of other windings, respectively. The sum
of these is i, (i, = 7)1 + %,2). With three healthy windings, 7,
and i, are both i, /3 and 27, /3 and have the same current phase.
However, because a turn short fault lowers the impedance in the
al winding, 4, and 7,y develop differing current magnitudes

2P (13)  and phases. Thus, when analyzing a parallel-connected winding,
Vg Rsn 0 0 Rsua Z'” — (1= (1—2)%)sind
i
w| =10 Ra 0 0 P ey —sin(0 — )
Z z
Ve 0 0 ngg O Z; — Sin(9 —+ 2771—)
Z.(L
ksi1 ko2 kaiz o ksia )
d 2
+ Ly | koot keao ksas ksos | = |
dt | ;.
ks31 kssa  kszz Ks3a .
vy
lq
—kg11 cos 20 2kg19 cos(20 — 27”) 2ks13 cos(20 + 27”) —kg14 cos 20 _
d (2
+L2% ko1 cos(20 — 25)  —kyo cos(260 + ) 2ks23 cos 20 ko4 cos(20 — ZL) ‘ 9
128
2kg31 cos(260 + %T) 2k 439 cos 20 —ks33 cos(20 — 2?”) 2k34 cos(260 + %’r) .
!

+
Vie

Wl

VvVt

qge

(Rs11 + 2R592) 14 + Rs1asa + wLy (ksia — ksoa) st
+wli (—kei1 + 2ks12 — 2ks20 + ks23) I,

< (Rsll + 2Rs22)Iq - Rsl4asl + WLI (ksl'—i - k524)a52 )

_WLI(_ksll + 2k512 - 2k522 + ks?iﬁ)Id + (3 - %(1 - x))‘*”bm

LL)LQ

6

WLy | (ksi1 + 2ks12 + ksoo

6

- 2k523)Iq + (ksl4 + 2k324)asl
(ksi1 — 2kso1 — ksoo + 2ks23)1q + (k14 + 2ks04)atso

(—ks11 + 8ks12 — 2kso0 + 4kgo3) Iy + (ks14 — 4ksoa)ts1 ] 10)
(—ks11 + 8ksa1 — 2kgoa + 4ksa3) g + (—ks1a + 4kga4) o
(Rs11 — Ra22)1a + Rs1a0o +wli (ks14 — Ksoa) sy
1 ( Fwli(—ksi1 + 2ks12 + koo — 2kg03) 1, >
3 —(Rs11 + 2Rs99)1; + Rs1a0i51 — wLy (ks14 — ksoa)ovs2
<+wL1(—k511 + 2kg1a + ksao — 2k03) Iy + 2 (1 — 2)wipy, )

1 Y
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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].
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Rp33 = R[)44 = R7
P
R555 = (1 - ’I)?R—F Rf
kpij (Ll — L2 COs 26) if (17.]) = (1, 1),

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

(5,2),(5,5)
kpij (L1 — L, cos (29 + 2%)) if (1,j) = (3,3)
27 e
Kpij (L1 — Ly cos (29 — ?)) if (i,j) = (4,4)
Lpz’j = ]sz']‘ (Ll + 2L2 COS 20) lf (I,J) = (3,4),
(4,3)

ki, (L1 + 2L, cos (29 - 2?”)) it (i) = (1,3),
(2,3),(3,1),(3,2),

As with a series connection, the voltage dynamic equation of (3,5),(5,3)

an [IPMSM with a turn short fault can be obtained with (1) and
(26]
Vg p1 Ip1
Vg ip2 p2
v | = Rp | % in ;b
dt
Ve 2 e
0 if if
—xsind
—sind
+ wipy, | —sin(0 — 27/3)
—sin(0 4 27/3)
(x —1)sind
where
R,y O 0 0 Ry
0 Ry O 0 0
R,= | 0 0 Ry O 0o 1,
0 0 0 Ryy O
| Rys51 0 0 0 Rys5 |
(L1 Lpies Lpis Lpia Lpis |
Lyo1 Lyss  Lyas Lypos  Lpos
L, = | Lysi Lypss Lyszs Lysy  Lyss
Ly Lyis Lys Ly Lys
LLps1  Lpse  Lpss  Lysa  Lypss |

P
Ry = ﬂUER-‘r Ry, Ry15 = Rys1 = =Ry, Rpyy =

PR

P —

27

kpij (L1 + 2L, cos (20 + %ﬂ>) if (i,j) = (1,4),
(2,4),(4,1), (4,2),

(4,5),(5,4)
Pa? Px~y
k = —— 7 ko =k = - ..
pll 2(17’\/)> pl2 p21 (P72)(17’Y)7 pl3
—x Pz(l—x)
= kst = oo ks = iyt = 2,
p31 ) pl p51 2(1_7)
P 2
koo = P2 (1+ { —’Y)(P_Q)> vkpos = kp3o = kpoy
1
(14) = kp42 = kp34 = kp43 = 757
P(l—=x
k1)25 = kpé? = %akl)iﬁ = kp/lfl = 17kp35
1—x P(1—2x)?
= Ky = kpis = kpss = ——o— hipss = o
p53 n4 P54 9 P55 _,y)

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 al winding
current 7,;, remnant winding current 4,5, and fault current, 7y
can be defined as

ipt = o1 8ind + ;o cos (15)
ipo = —(Iy + ap1)sind + (Iy — aypo)cosd  (16)
if = [Bp18infd + Gyacosd (17)

where oy,1, a2, 5,1, and 3,2 denote the coefficients of the sine
and cosine function. From the first, second, and last rows of (14),
detailed descriptions of a1, a2, 3,1, and 3> are obtained

[O‘pl 2 Fp1 ﬂp?]T =A,'By (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

Vg Ryo0ipo kpo1 kpoo kpos kpoa kpos
vy | = | Rpssiv | + L1 | kps1 kp32 kpss Kpsa kpss
Ve Ryuyic kpar kpaz Kpas kpaa kpas
ipl
iPQ — Sin 9
d | . .
a 23 + wwm - Sln(g - 27T/3)
ic —sin(f + 27/3)
if
[—kpa1 cos 20 — kyo0 cos 20 1
2 2
2kp23 cos (26 - ?ﬂ) 2kpay cos (20 + %) — kpas cos 20
2 2
2kp31 cos (29 - ?ﬂ) 2ky32 cos (29 — %)
d
+L2 - 2 2
di —kp33 cos (26 + ?ﬁ) 2kp34 cos 202ky35 cos (20 — ?ﬂ)
2 2
2kp41 cos (29 + %) 2k cos (29 + %)
_2kp43 cos 260 — k44 cos (29 - 2%) 2kp45 cos (26‘ + 2%)_
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]
ip2
i | - (19)
ic
L iy |

If L,, = L, 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-¢g axis motor current
can be expressed as follows:

ipg + IEiI,l + (1 — I’)Zf
2
= ZellT i
3

e

[ w(—kp11 + 2kp12 — kpa2) w(—=kp1s +kpas)\ ]
Ry11 + Rp2o L Ry L
P 14 Ll B 72 P Ll _ 72
2 2
w(kpir — 2kp12 + kpa2) w(kpis — kpas)
L Ry + Rpao L Rp15
<L1 + 2> (L1 + 2)
2 2
A, =
w(—kps1 + kps2) .
Rys Ryss Fpss ( L — =
o (1-12) o b (0-3)
2
w(kp?)l - kp52) I
( L2> Rp51 wkp55 (L1 + 22> Rp55
L+ —
L 2 i
_ I, _
wly (kpra — kp1s — kp2o + kpas)Ia — Rpool, + w7(—kp12 + dkpi3 + kpoo — 4kpo3) g + (v — 1)widy,
L
whi (kpra — kpis — kpoo + kpas) Iy + Rpoolq + w%(kaZ — Ak — kpao + 4kpas)I,
B, =
L
wly (kpsa — kps3)Ig — w?Q(_kpf)? — 4kps3) g — (v — 1)wipm,
Ly
i wly (kp52 - kp53)Iq - w?(kp& - 4/61,53)1(1
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2
5(1 —x)cosb(—ip +ip)+ Iy

=1 .22
—5(1 —x)sinf(—ip +ip) + 1,

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

3P 3P
T= quwm —(1 = )¢, sin0(—1i, + if) — TLquIdque
3P . . . 27P
= T‘Iqwm —(1 = 2)¢y, sin (i, + Zf)_f(l/% - L%)
P . ROV
I, + §(L1 — L5)1;(1 — ) sin§(—ip; +iy)
9P . .
—?(L% — Lg)lq(l —x)cosO(—ip +1if)
3P 9 2 2 . . - \2
+— (L — L3)(1 — )" sin 20(—ip1 +if)". (23)

8

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, i ; denotes the fault resistor
current and can be defined as ipy = i, — iy andigy = ip1 — iy
for the series- and parallel-connected windings, respectively. In
Fig. 3(b) and (c), al is composed of three windings, and the
turn short fault winding is connected to Iy and a switch that,
when turned ON, puts the winding under a turn short fault. Three
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TABLE I
MOTOR SPECIFICATIONS

Items Values Units
Pole number 6

Rated phase current 10 [A peak]
Rated phase to phase voltage 27 [Vims]
Ly 702 [nH]
Ly 147 [nH]
Phase resistance R 0.129 [©]
Turn short resistance R ; of series/parallel PMSM 0.01/0.1 Q]
Healthy turn ration z 0.5833

Coupling factor v 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. L,
Lo, and v were obtained from FEM simulations [26]. Under dc
current injection into a-phase windings which are a1, a2, and
a3, L1, Ly, and 7y are given with windings flux linkage data from
FEM simulation. 1, is also obtained from the FEM simulation
with the permanent magnet data and IR 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 (I; — oz ) and
sine (I, — a1 ) terms of the series-connected winding IPMSM,
respectively. These were derived with the FEM simulation and
proposed IPMSM ITF model. The current magnitude I, and
0; denotes the phase current magnitude and current load angle,
respectively. They have the following relationship with the d-g
axis current:

windings of al were located at the inside, middle, and outside of 1y = —1I;sin0;, 1, = I, cosb;. 24)
[ ( (Rp22 + 2Ry33)1q + wLi(—kypoo + 2ky23 — 2kp33 + kyp3a )1, ) ]
v ] ] +wly(kpa1 — kpao — kp31 + kps2)agpr — Ryaaoys + wly(kyos — kpss) By
vt 3 ky:
qe (Rp22 + 2Rp33).[q + le <kp22 — 2]%23 + 2]6;,33 + 1)234> Id
+ wLy(kpa1 — kp22 — kp31 + kps2)ape + Ryzaag1 + wlhy (kyas — kpss) Bp2 + 3wiby,
wly l (kpa1 — kpaa — 4kps1 + 4kpsa)apr — (kpoo — 16kp32) 1, + (kpos — 4kpss ) Op1 1 0)
_l’_ -
6 (—kp21 + kpoo + 4kps1 — 4kp32) 0o — (kpao — 16k,23) 10 — (kpas — 4kpss) Bpe
I < (Rpa2 — Rp3s) Ly + wly(—kpoo + 2kp23 — 2kpsa + kpss)I, ) T
Vd] 1 + wLy (kpar — kpao — kps1 + kps2)apt — Rpoaags + wly (kpos — kpss) Bp1
v-| 3 ky:
ae (—Rpaz + Rpss) Iy +wly <_kp22 + 2kp03 + kp33 — p;‘) P
+ wLy (=kp21 + kpao + kps1 — kp32)oys — Ryosoypy +wLy (—kpas + kp3s ) Bp2 /|
why [ (kp21 = Kp2o + 2kps1 — 2kp3) gt — (Kpoo + 2kp32) 1y + (2kpss + kp25)ﬁp1] o
(kp21 — kpaa + 2kp31 — 2kp32) e + (Kpao + 2kps2)la + (2kps5 + Kpas) Bp2
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Fault
winding

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

Id _a.vZ[A]
20 30 40 >0 60
220 : ‘ 1 J
30 A
-1, -,
[A] -40 1
=50 W ’ o
N, R
2000rpm o 4000
rpml ) 30004000
-60 - 2500rpm 3500rpm
(b)

Series winding connection IPMSM: (a) negative sequence voltage, (b) cosine and sine term magnitudes of fault resistor current i, s (= i, — iy ) for

various speeds and §; = 0 using FEM simulation and proposed model for turn short fault in a-phase winding.

Fig. 4 graphs when 6; 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 ; was varied from zero
to w/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 6; was zero (see Fig. 4). However, when 6; was
large, the negative I; increases by (23). As a negative I; de-
creased the total air-gap flux, the negative sequence voltage and
fault resistor current decreased as 0; increased. The results of the
proposed model were almost identical to the FEM simulation
results.
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4 1 I, —a,[A]
" FEM = Model 10 20 30 40 50 60
20 ! ! ! ! J
3 -
B -30
V. [V]
-1 -«
2 i q sl _40
[A]
1 T T T 1 -0 7 01 =7/12 [ \-‘ﬁ
@ =
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_ FEM = Model
Vi V] -60 -
(a) (b)

Fig. 5. Series winding connection IPMSM: (a) negative sequence voltage, (b) cosine and sine term magnitudes of fault resistor current i, (= i, —is) at
3500 r/min and 6; = 0,7 /12, 7 /6, 7 /4, 7 /3 using FEM simulation and proposed model for turn short fault in a-phase winding.

6 a, _ﬂpl[A]
-10 0 10 20 30 40

- FEM _]0 1 1 1 1 il

A Model s FEM 4 Model
41 -20 - ’

V..[V]
a,-p,
2 1 (A} 30
40 -
O T T T 1
0 2.5 5 75 10
V. [V] -50
(@)

Fig. 6. Parallel winding connection PMSM: (a) negative sequence voltage, (b) cosine and sine term magnitudes of fault resistor current 4, y (= i,1 —iy) for
various speeds and §; = 0 using FEM simulation and proposed model for turn short fault in a-phase winding.

5 1 aPz_ﬂpz[A]
L20A =FEM 4 Model 10 0 10 20 30
4 - 20 I I I )
3 -
Vee [V] 30 4 B =0A
2 4 am 7ﬂp|
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1 - —z/12
b=713 g =%ia 6,=x/6 l -40 1
. " FEM
3 4 5 6 7 8 9 4 Model
Ve V] -50 -
(a) (b)

Fig. 7. Parallel winding connection PMSM: (a) negative sequence voltage, (b) cosine and sine term magnitudes of fault resistor current i, (= 4,1 —iy) at
3500 r/min and 6; = 0,7 /12, 7/6, 7 /4, 7 /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] 1, [A] Difference [%]
Series winding (Fig. 4) Parallel winding (Fig. 6)
eVa)  cVae) (el c(lal) (Vg (lVae)  (cleo)  (elMuel)
0 2.9 1.5 33 33 3.8 0.0 1.6 1.6
2000 5 3.7 2.1 34 3.3 0.7 0.7 45 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 35 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 35 1.6 7.5 1.8
0 3.0 2.5 4.0 3.6 3.7 1.0 22 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 32 35 1.2 7.7 1.5
0 3.1 2.7 4.1 3.7 3.6 1.5 24 2.3
3500 5 3.7 3 4.3 3.7 1.8 1.7 53 1.4
10 24 1.9 4.2 33 3.6 0.8 7.9 1.2
0 3.1 29 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 55 1.6
10 24 2 43 33 3.7 0.5 8.1 1.0
0 [deg.] 1, [A] Difference [%]
Series winding (Fig. 5) Parallel winding (Fig. 7)
Vi) (Vi) (k) (k) (Vi) (Vi) (k) ()
0 3.1 2.7 4.1 3.7 3.6 1.5 24 2.3
60 5 3.6 33 52 4.6 3.0 2.9 4.6 2.5
10 42 3.9 6.6 5.4 32 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 32 5.1 44 2.7 2.7 52 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 24 2.3
30 5 3.7 3.1 4.8 4.1 2.4 2.4 54 1.7
10 39 34 52 4.1 3.6 0.3 8.5 1.2
0 3.1 2.7 4.1 3.7 3.6 1.5 24 2.3
15 5 3.7 3.1 4.6 39 2.1 2.0 55 1.5
10 32 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 24 2.3
0 5 3.7 3 4.3 3.7 1.8 1.7 53 1.4
10 24 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 (a2 — (3,2)
and sine (o, — Bp1) terms of the parallel winding IPMSM,
respectively. These were derived using the FEM simulation and
proposed IPMSM ITF model. 6; 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 (-p) de-
notes the difference function and nge and Ir ¢ are the negative
sequence voltage and the fault resistor current in the complex
domain, respectively. These are defined as follows:

{Z}rem — {Z}model
{Z}reMm

= Vi +iV.

x 100[%]  (25)

(26)
Ij — o0 — j (L + a1) : series winding IPMSM

ap2 — Bpo + j (01 — Bp1) : parallel winding IPMSM
(27)

Ige = {

{e(Vaqe)seIre)} and {e(|Vy,el),e(Ire|)} 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 7,,; as well as iy 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, Up, V. and the fault resistor current iz ¢ of the series winding
and parallel winding, respectively, at 3500 r/min, z = 0.5833
and I, = 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 I, = 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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VsV, v, 1 10V/div.

V,, vy, V. 1 10V/div,

Turn short terminal block ) —irf : 20A/div.
(a) (b) (c)

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, Ry = 0.01 and = = 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.

30 4
20
v, 10 1
Vb
v, 01
[V]
-10 A
220 -
30 ——Measurment \ -80 : \
0 T 2n 0 T 2n
Electric angle g[rad] Electric angle #[rad]
(@) (b)

Fig. 9. Series winding connection IPMSM: (a) three-phase terminal voltage and (b) fault resistor current 4, ; at 3500 r/min, Ry = 0.01 and = = 0.5833
according to measurement, FEM simulation, and proposed model for turn short fault in a-phase winding.

—Measurement  ===FEM  — -Model | —Measurement - FEM — -MODEL__

-40 w *
0 T 2n
Electric angle g[rad] Electric angle @[rad]
(@) (b)

Fig. 10.  Parallel winding connection IPMSM: (a) three-phase terminal voltage and (b) fault resistor current 7,y at 3500 r/min, Ry = 0.13 and z = 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.
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