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Abstract— This paper presents an approach for detailed In electrical machines, one of the most frequent faults is

modelling of inter-turn and inter-phase short-circuit in a double  the inter-turn SC, which affects not only machine
layer, 12-slot and 10-pole Flux-Switching Permanent Magnet  electromagnetic but also thermal and mechanical performances
motor. This approach is based on MATLAB/SimuI.ink gnd finite [8] - [9]. The severity of inter-turn SC could be the most
ggcn;fg:nigﬁlgt?cs’bﬂi\ﬁ;?vﬁ? :S(t:harr‘gaiﬁ?ggaﬁ(ﬂmsﬂtc')?trjc?mt‘i‘f critical [10]. It may lead to a local overheating in the stator
windings, and hence resulting in the SC of the entire phase. |

conditions. Due to physical contact between different phase e
windings in the samepst);tor dot. the inter-turn and inter-ghase should be noted that the SC current produces demagnetizing

short-circuit in a double layer FSPM machine becomes a real ~ magnetic field, which is similar to negative d-axis curregt (|
possibility. However, thisisrarely studied in the literature. Thus, [11. As a result this could lead to partial irreversible
thiswork contributesfor thefault analysis of inter-turn and inter- ~ demagnetization and the phase no-load flux linkages might
phase short-circuit problems. Experimental tests have been  decline L2]. In order to maintain the output torque, the most
carried out to validate the smulations. direct way is to increase phase currerit8].[ However, this

. . o will increase the copper loss. As a main heat source of
_ Index Terms— fault diagnosis, flux-switching, inter-turn short  glectrical machines, the temperature increase due to copper
circuit, permanent magnet, synchronous motor. losses could exceed the maximum allowable temperature of
winding insulation materials. As a result, the SC can have

| INTRODUCTION destructive effect on electrical machines. Therefore, it is

LUX-Switching Permanent Magnet (FSPM) motors havémportant to predict the influence of the inter-turn SC in or
attracted increasing interest in the last two decades [1] [2étween phases.

[3]. The common topology of the FSPM machines is given in
[Fig. 1, which shows that the polaritie$ each two adjacent
permanent magnets are opposite. As a result, a flux focusing
effect can be achieved, leading to high torque/power density.
This is similar to that of a flux concentrating PM machine
while with the permanent magnets mounted on the stator
instead of on the rotor [4Bince thephase flux linkages are
bipolar [5], its torque densitgan be higher than other stator
mounted permanent magnet machines with unipolar phase flux
linkages such as the doubly salient permanent magnet
machines [6]. In addition, since the PMs of a FSPM machine
are protectedby both U-shape sections the stator teeth (Fig.
[1), in case of flux weakening operati@m short-circuit (SC), Permanent
the riskof irreversible demagnetization of PMs in the FSPM magnets
machine is considerably lower compared to other PM motofdd- 1 Cross-sectional view of a FSPM2-slot/10-pole. 4 coils of one phase

. . . . .. areconnected in series.
As a result, the FSPM machine is well suitable for applications

requiring - significant flux weakening capability such as  Numerous diagnosis methods for SC faults have been
constant power operation over a wide speed rang§oposed in the literature, and a summary of different methods
Furthermore, the rotor of a FSPM is similar to that of @re given in 10]. In this paper, stator current monitoring
switched reluctance motor, which makes the structure of gethod is employed to detect the inter-turn SC. This method is
FSPM machine very simple and robust, and hence suitable fafen considered as the most useful because it is nonintrusive
high speed applications [7]. and does not require extra equipmel] [ The inter-turn SC in




one phase of electrical machines are very widely studied in tbiecuited windings of the phases A or B and the phas¥.C,

literature. However, the inter-turn and inter-phase SC problerand My are the mutual-inductances between the healthy and

are rarely investigated. Thus, in order to fill in this gapshort-circuited windings of the phases A and B wiMig and

detailed analyses of such fault in a double layer FSPM hapg, are the mutual-inductances between the healthy windings

been carried out in this paper. of the phases A or B and short-circuited windings of the phases
B or A.

II. MODELING OFINTER-TURN SCIN TWO PHASES . .
B. Electromagnetic and Mechanical Models

A Equivalent Circuit and Control Diagram . .
quiva 9 The electromagnetic model of one phaaabe written as
In order to compare and also to simplify the introduction di

of modelling methodologies of short-circuit in FSPM v=Ryi+L—+e €

machines, a fault model of inter-tuSC in two independent dt

phases of a FSPM2-slot/10-poleis described. Then the Wwith

obtained results will be_compared against the inter-turn and do; dd;

inter-phase SC in sectifili] It is also worth noting that the € = = L a0, @

inter-turn and inter-phase SC is more likely to happen in the
machines with double layer windings while the inter-turn SC iwherev, i, Ry, L and e, are the phase terminal voltage, the
two independent phases should be regarded as a rare evefh@gse current, the resistance, the inductance and the back-
electrical machines EMF, respectively.®;, p, Q and 6, are theno-load flux

The winding configuration and the equivalent electridinkage calculated by 2D finite element method (FEM), the
circuit of the investigated FSPM machine are shoig. gotor pole number (for FSPM machinesis equal to the pole
As an example, the inter-turBC in phases A and B are pair number) the mechanical rotor speed and the electrical
chosenIn[Fig. 4 (b), i is the current in healthy windingsci rotor angle, respectively. Assuming that the machine is
is the SC current in faulty windings, whilewian is the supplied with sinewave currerfts, (1) can then be converted to
difference between the two previous currents. Thesratrix form as follows
definitions are also applicable for the phase B. d[i] d[a,]

+pQ——— 3

[v] = [RI[] + pOIL 7 + PR~

where [R], [L], [i] and [®,] are the matdes of resistances,
inductances (self and mutual), currents and no-load flux
linkages, respectively The phase resistance is measured
directly by using the machine shown[in Fid. 4 wHil¢ and
[@f] are calculated by 2D FEM

a=75%

coill coil2 coil3 coil4

®)

Fig. 3 Demonstration of inter-turn SC in one phase. (a) wigaionfiguration
of the phase A, (b) different numbers of turns shvduited.

FSPM motor 12/10
The details about winding configuration and the
(b) calculation of different SC percentages ¢ the number of
Fig. 2 Inter-turn SC in two independent phases of FSPM 13&)0winding short-circuited turns (n) Pvef the total number of turns per
configuration, (b) equivalent electric circuit. phase (N are shown ifi Fig.]3. By way of example, only the

phase A is shown. In this paper, the windings are concentrated

In[Fig. 2 (b) Lo, Lneareny andLsc are the total phase self- ones and each tooth is wound by one §oil [Fig. 3 (a)]. This
inductance, the self-inductances of the healthy and the sharieans that there are two coils located in each stator slot,
circuited windings, respectively; is the mutual-inductance leading to double layer winding configurations. In additidh, a
between the healthy windings of the phases A anffBand the coils of the same phase are connected in series. Since each
M; are the mutual-inductances between the healthy windinghase is formed by 4 series connected coils, if one coil is short-
of phases A or B and the phaseM;, is the mutual-inductance circuited,« is equal to 25%, as can be sedn in Hg. 3 (b).
between the short-circuited windings of the phases A and B, Based or|_Fig. P angd Fig.| 3 and for simplicity, the
Ms and M, are the mutual-inductances between the shomercentages ofSC turn numbers in phases A and B are




assumed to be equal, meaning f, whereg is the percentage voltages of theSC windings are null, thus the matrix of
of SCturn number of phase B and its definition is the same asltagesin[(3)]can be replaced py {9).
a. Thus the percentages of healthy turn numbersl arex =

: ‘ . 0+m/2+6
1 — B. Generally, for a machine with one coil per phase, the [ cos(pd+m/ )

cos(pf + 2n/3 + /2 +6)

self-inductance is proportional to the square of number of ] =V 0—2n/3471/2468 ©)

turns. Thus, the healthyLy,q;ny) and faulty (sc) self- maxlcos(p n{) w/ )I

inductance®f phases A and B can be calculated by | 0 ]
Lneaieny = (1 — @)?Lo and Lsc = a®L, 4 Finally, the general mechanical model of the FSPM

. machine is the same as other types of electrical machines and
However the 2D FEM studies have shown that theCan be describ yp
S

magnetic coupling between coils of the same phase
significantly low. As a resulf_(¥) is no longer valid. To _ o]
calculateLyq;rpy, andLgc of a phase formed by several coils, em =P g,

B. Vaseghi et al 19 have proposed a new method, whichynere ¢ ;1 ¢ andc, are the electromagnetic torque, the

achieves satisfactory ~accuracy. Although the winding,,ment of inertial, the friction coefficient and the load torque
configuration used inlff] is distributed, the methodaastill be respectively

applied in the concentrated winding configuration.

By way of example, neglecting the mutual inductancesC. Simulated and Experimental Results
between coils of the same phase and when 25%, the The
healthy andsC self-inductances can be calculated b§] [

R )
[i] =] Hfa+G (19

previously established electromagnetic and
mechanical models are implemented in MATLAB/Simulink. In
Lneaieny = [3 + (1 = @pop)?ILpon order to validate the simulated results, a FSPM machine
{ ®)  (parameters are given[in_Tablp shown i Fig. 4 is used for
experimental tests. The control diagram showfi_in Flg. 5 is
wherea,,), is the percentage of number of short-circuited turngpplied to drive this machine. This can be realized by using the
over the total number of turns of one cail,{, = 4a), Lyop IS dSPACE based programs, and a DC generator is used to
the self-inductance of one coil(=~ 4Ly,,). This has been provide load torquet,. The three phases of the machine are
verified by 2D FEM. It is found that the inductance of one COgupp"ed via a Voltage Source Inverter (VSI). The speed and
is approximately one fourth of the phase inductance. Based @@ current are controlled by a Pl controller and a hysteresis

the same theory, the mutual-inductances can also be calculaigfitroller, respectively, as depictefin Fij. 5.
as follows — —

_ 2
Lsc = @opLpon

-

M; =(1-a)(1-p)M,

M, = M; = (1 — a)M, : { dSPACE § 1=
' W ) ““

M = aftly ©) . B T |

M5 = M6 = aMO il — 'S

M; = Mg = atpop (1 — apop)Lpop =0

kM9 =My =(1—a)BM,

where M, is mutual-inductance between phases with®Gt
Whena = 50% and a = 75%, the healthy andSC self-
inductances can be calculated by

{Lhealthy =[(4—q) + (1 = apop)?ILpop
Lsc = [(q = 1) + ajop]Lpop
where ¢ is theSC coil number (integer value), which can
change from 1 to 4 fox > 25%. The mutual-inductances can
also be calculated usihg [6). With the previously obtained self-
and mutual-inductances, the matrix of inductancels_ihig3)
established as in (B).

[Lheazthy M, M; M; Mg]

| Ml Lhealthy MZ M10 MS

@)

Fig. 4 Prototype of a FSPM 12/10 for experimental tests.

| ™ M, L, M, M I nc
[L] - | 3 2 0 6 5 | (8) machine,
M7 Mlo M6 LSC M4—
My My My My Ly
A healthy B healthy [ ASC BSC

The resistances and the no-load flux linkages are dII‘GCE}é_ 5 Simplified diagram of a closed-loop FSPM drive,,,: reference

proportional to the number of turns and mUCh easier Beed,ﬂmes: measured speed,.,: reference current,,,;: measured current,
calculate, thus not shown here to save spaewing that the 4 . rotor mechanical position.



A load torque ;) of 6 Nm and a reference spe&dl«) of variation of kc1 versusa is very low as can be calculatéeg
10 rad/s are set for both simulation and experiment conditioff§1}. For simplicity, the mutual inductances are neglected in
It is assumed that the FSPM operates under healthy titbdethis equation, because they are relatively low in comparison
2.4 seconds. HAen, two inter-turn SCs happenedwith the self-inductance and phase resistance.
simultaneously in phases A and B. In order to simplify the
experimental tesidhe percentages &C turn numbers are set Iscy ~ |@E x| _ | 0D fmax]
to a = B = 25% (one coil is short-circuited). The inter-turn SC V(@@Rp)? + (@?wlg)?  /(Rp)? + (awLo)?
is depicted ifi Fig. B (only the phase A is presented, the SC in
the phase B is the same as that in the phasénAjrder to 15 . . . .
realize the inter-turn SC with different SC leveksach coil has R Measured
two terminals and the 4 coils are connected in series outside : — Simulated
the FSPM machine. Based on this configuration, the inter-turn : :

(11

SC can be artificially realized by short-circuiting the two g1
terminalsof coils [se¢ Fig. B (b)] and can change from 25% g
to 75% of one phase by a ste26f4 8
@ 5
30 8c
20- N N
0 N i i "
10t 22 24 26 28 3
S Time (s}
T 9 Fig. 7 Simulated and measured speed before and aftertdretimn SC in two
(‘_)E independent phases for= 25%.
-10} :
- I1l.  MODELING OFINTER-TURN AND INTER-PHASE SCOF A
-20 : 1
SCI | FSPM
-30 : - ; ; Compared to the distributed overlapping windings, the
22 24 26 28 3 . . .
Time (s) double layer concentrated and non-overlapping winding
structure can have much shorter end-windings. Thus, for the
(@ same phase current, the machine with double layer

concentrated windings generates significantly less copper
losses, and hence lower temperature rise. This feature is
important for some safety-critical applications swhmore
electrical aircraft, which has high operating temperatures
these applications, any minimization of copper losses
desirableto minimize the maximum temperature. However, the
main drawback of double layer structure is the physical contact
between two layers in the same stator slots. In case of
insulation material failure in stator slots, the conductors of
different phases could be connected and the inter-turn and
inter-phase SC forms accordingly. In order to study such fault
30 ; v : on the electromagnetic behaviours of a 12-slot/10-pole FSPM
2 22 2-4Time (5)2-6 28 3 machine, a MATLAB/Simulink based faulty model has been
developed. The details are discussed in the following sections.

Current (A)

-20} sc

(b) A Equivalent Circuit and Electromagnetic Model

Fig. 6 Simulated and measured currents for inter-turn SC o ghases. In

this caseq = 25%. () simulated currentb) measured currents. The inter-turn and inter-phase SC winding configuration,

the equivalent electric circuit and the different levels of SC

The simulated and measured currents and rotor spe&gn r_‘“mbem are shovyn '8' Here, all the re_S|stances

before and after the inter-turn SC in two phases, are shownﬁ'ﬁd inductances are |d_ent|cal to. those showg. 2
[Fig. 6 and Fig. 7. Here, only = 8 = 25% is given and the onetheless the main difference is that th8C winding

results for otherr = B have not been presented due to lack g oltage (¥c) is no longer null. On the contrary, it depends on

: the resistances, the inductances (self and mutual), the back-
space. The SC currents€) in the phase B has the sam ’ ’
amplitude asde: while with a phase shift angle @f/3. Thus ®EMF and theSC currents as well as the rotor speed and can be

only the currents in the phase A are given and analyzed in t alculated bly14)] This expression establishes the relationship
o etween the voltages (healthy and faulty) and the currents

paper. After the SC, it is found that, regardless of the numbgr . ; :

o . : ealthy and faulty) and makes the analytical simulation
of short-circuited turndwtair and h are always in phase while .

: ossible.

Isc1 and h are always opposite. Moreover, at low rotor spee
(@ =10rad/s), lwaizand k increase considerably while the




M Vsc isc2, One voltage: a). In order to solve these equations, it is

N =27
“ ”L"“"“’/ sokse : necessary to add another equation or to eliminate one unknown
// / M.\’Mal JM "'\\M variable The former cc_>u|d be reall_zed l:_)y Kirchhoff's current
/My N T M law. It allows to establish the relationship between currents in
iy Ly \AansﬂfM/ ! healthy windings and those BC windings of the phase&
M, RS oM and B, such as
My My /Ms A , ) ,
ie, \\ e Oz_iA_iB+l'sc1+l'scz=_% (Z:+d::1+d::z
FSPM motor 12/1 0
(@ (b) (12
Then, based on Kirchhoff's voltage lawgcvcan be
a=75% eliminated by summing all the voltages of the closed-loop

including the inter-turn and inter-phaS€ windings [se%.
Finally, with the three equations obtained previously|[4&§ (
[(T4)]and @5)], a system with five equations and fiueknown
variables can be achieved, the matrix form of which is given in
[(16). After solving @6}, the healthy andSC currents can be
obtained. Knowing the badkMFs of the healthy and faulty
windings, the electromagnetic torque under faulty mode can

coill coil2 coil3 coil4 then be calculated @

(©)
Fig. 8 (a) winding configuration, (b) equivalent circuit the inter-turn and C = (1 — @)eain + (1 = Blegip + ecic + aealscs + Begisca
inter-phase SQc) differenta of the12-slot/10-poleFSPMmachine. Q
. (13
Assuming that the three phase voltages \{¥ and ) are
known variables, thys1@)] consistsof five equations while
with six unknown variables (five currentg;, iz, ic, isc,and
d dl561 d d i dlscz
Va4 = Lpeaitny = T + (1= a)(Roig +e4) + My T + M;—— i 5+ My —— T + Myg—— dt + vsc
d 1 d dlc dlscz diSCl
Vg = Lnpeaithy = i (1 - B)(Roip +ep) + My — i + M, — T + Mg—— T + M107+ Vsc
d d d [ dlscz dlsc1
Ve _LO dt +Rolc+ec+M2 dt +M3 dt M5 dt M6 dt (14)
d d dlB d C dlSCZ
Vs¢ = Lsc—— dt L+ a(Roiscy + ea) + My —= at 2+ Myg— at +Mg—— at +M, it
dlSCZ d dlB dlc dls(:1
Vs¢ = Lsc—— dt + B(Roiscz + ep) + Mo —— T 2+ Mg —— T + M5 —— T + M, dt
Relationship between the healthy &1 currents obtained based on Kirchhoff's voltage law:
dlSCl d d i d dlSCZ
0=Lsc—— dt + a(Roiscy + e4) + My —— a 2+ Myg—— T + Mg—— at + M, i a5
[L dl“2+ Roiscs + e5) + My 24 4 11, L8 4 g Se iy, Hisca
sC B(Roisc2 +ep 9t 8 ¢ 574t 4 ar
Final relationship between the voltages and the healthg&alirrents in case of inter-turn and inter-ph&€as:
(1 — (Z)RO 0 0 OfRO 0 iA ey
vp 0 (1-BR, 0 0 PRy || is ep
= 0 0 Ry © 0 ic [+ ec
0 0 aRy —PBRy l:SCl aey — Bep
-1 -1 0 1 1 dlisc, 0
[R] i] le]
[Lheauhy +M, M +My, Ms+Mg Lgc+M, M,+ Mg] [ ig ] (16)
M; + My Lheaitny + Mg Mz +Ms My + Mo Lsc+Mg| g | ts
+ | oM M, Lo M, My || i
[ M7 — M, My — Mg Mg —Ms  Lsc— M, M4_LSCJ tsc1
-1 —1 0 1 1 lsc2

(L] [2]



. . ripple increases considerably with the increase iﬁse
B. Simulated and Experimental Results [9). The healthy current in the phase A increases significantly
Similar to the studiesn sectiorfll] simulations based on after theSC, which is almost five times higher than its value
MATLAB/Simulink and experimental validations (§ee Fig. 4)pefore theSC [sed Fig.10|(b) and Fig.11](b)]. This increase
for the inter-turn and inter-phase SC have been carried outimsealthy current is mainly because the speed controller tries
well. The simulated and measured results in terms of rotir compensate the loss of healthy turns and the increase in

speed and healthy as well € currents are shown 9 braking torque generated by the short-circuited turns.
and| Fig.10] Similar phenomena to the inter-tu8C in two

phases have been observed. The speed drops and the speed

15 T T T T 15
------ Measured | : " Measured
— Simulated | : — Simulated
7 710
3 T f
3 g
=t 5
Q (]
] (]
[« [= N
@ 5l @ 5
SC
0 ; ; ; 0 ; i i i
22 24 26 28 3 22 24 26 28 3
Time (s} Time (s)
(@ (b)
Fig. 9 Simulated and measured speeds before and afterténgum and inter-phase SC for different percergageSC turns(a) a = 8 = 25%, (b)a = =
75%.
30 T T T T 30 T
20f 20H
10 _1of
< <
5 o 5 o
-10f 10t
=20t -20
.30 H A H H R H A i H
2 22 24 286 28 3 302 22 24 286 28 3
Time (s) Time (s)
@) @)
30 ; T T T
—, N :
20
_1of
z z
5 5o
5 5
O 3]

sc I
230 '

2 22 24 286 28 3
Time (s) Time (s)

(b) (b)

Fig. 10 Simulated currents for different levels of SC turnmiers in case o Fig. 11 Measured currents for different levels of SC turn numlie case of
inter-turn and inter-phase SC. (e} p = 25%, (b) a = B = 75%. inter-turn and inter-phase SC. (g} B = 25%, (b)a = B = 75%.



It can be observed that the measured resmitgch torque has been compensated by the speed controller by
relatively well with the simulated ones. The discrepancy iscreasing healthy currents. This is the reason why the
mainly due to the fact that the end-winding has not been takeifference of speed drop between both types of SC is not
into account during the 2D FE calculations for the phadarge. The comparison of simulated braking torque between
inductances. the inter-turn SC in two phases and the inter-turn and inter-

It is well established that, at low rotor speed, the resistiythase SC is shown One conclusion can now be
influence due to phase resistances is dominant compared todreevn that lower average braking torque involves lower
inductive influence due to phase inductances. Thus, in orderttealthy current increase and higher braking torque ripple leads
verify the model given in@, the simulations and to higher speed ripple.
experimental tests at high rotor speed have alsen be
performed. For both simulation and experimental conditions,
the rotor speed and load torque are set to be 102 rad/s and 6
Nm, respectivelyBy way of example, the percentage of inter-
turn SC turn numbere = 8 = 25% is chosen. The simulated
and measured results are shown in ERjand Fig.13| Again,

a good agreement can be observed. This could finally validate
the proposed inter-turn and inter-ph&@&model.

Current (A)

110

‘‘‘‘‘‘‘‘ Measured
— Simulated

238 238 24 242 244 246
Time (s)

(=1
o
T

@

Speed (rad/s)
=
(=]

o
o
T

a0 . p \J

Fig. 12 Simulated and measured speed before and after taetimh and
inter-phase SC far = g = 25% and at 102 rad/s.

Current (A)

In comparison with the results for the rotor speed of 10
rad/s andx = 8 = 25%, after theSC at 102 rad/s, the speed

236 238 24 242 244 246

drops and speed ripple changes slightly. This is the same case Time (s)
for the healthy current {J. However, the SC current increases
considerably (from 9 A to 17A). The high SC currents (b)

together with the increase in the healthy currents will increagg 13 simulated and measured currents before and aftertiteand inter-
considerably the power losses. This could lead to an ovehase SC fo = 8 = 25% and at 102 rad/s. (a) simulated currerty
heating of electrical machines under faulty mode. Thus, it Reasured currents
essential to predict the variation of SC currents for fault
tolerant applications. Otherwise, a well-designed machine
under healthy conditions could not satisfy the machine
specifications under faulty conditions.

Comparing to the inter-turn SC in two independent
phases, with the same percentage of SC turn number =
25%), the drop of rotor speed in the case of inter-turn and
inter-phase SC is similar while its speed ripple is much higher
(sed_Fig. ¥ and Fig.|9). This is due to the fact that in case of
inter-turn SC in two phases, the voltages of the SC windings
are null. Therefore, the SC current and the healthy current are
completely opposite, and the phase angle between the SC
curent and the back-EMF is/2. Nevertheless, in case of the_.
inter-turn and inter-phase SC, since the voltages of §,¢?e
windings are no longer null, this phase arigldifferent from
/2. As a result, the average braking torque generated by the
inter-turn and inter-phases SC windings is lower while the . . .
braking torque ripple is higher than the inter-turn SC in two In this paper, an analytical model is developed to

phases. However, the higher increase in average brakw estigate the inter-tum short-circuit (SC) fault in and
ween two phases in a 12-slot/10-pole flux switching

——=Inter-turn and inter-phase SC
— Inter-turn SC in two phases []

NWw B

Torque (Nm)
o

' ' '
L [ N

14 Simulated braking torque generated by SC curremtthe two cases:
r-turn and inter-phase SC and the inter-turnirS@o independent phases.

IV. CONCLUSION



permanent magnet (FSPM) machine. The characteristics in failures in three-phase squirrel-cage induction motéEEE Trans. Inc
terms of rotor speed, healthy ar®C currents have been  Appl., vol. 28, no. 4, pp. 921-937, Jul./Aug. 1992.
analysed. For both SC problems, it is found that at low rot&] A. Fa”f’j“" T-,COFFif@Janv and L. Pafsa% "R;ec'j:'nt ﬁd\ﬁirhtmode"n?EaErE
i online detection of stator interturn faults in el@ett motors,"
;peeds, the value of and § do not h.ave a_significant Trans. Ind. Electron., vol. 58, no. 5, pp. 1564 8,5Vay 2011.
influence on thesC current. However, at high rotor spedte . . . .
| he high he SC Th {11] K.-C. Kim, S.-B. Lim,D.-H. Koo, and J. Lee, "The design of permai
ower a or j , the _'g ert e - current. e worst case magnet synchronous motor considering partial demagnetizatiothe
when only one turn is short-circuited. permanent magnet,” IEEE Trans. Mag., vol. 42, no. 103485-3487
Currents in healthy phases need to increase significantly Oct. 2006.
to compensate the drop of electromagnetic torque due to {ih# M. Rosu, J. Saitz, and A. Arkkio, "Hysteresis model finite-elemen
decrease in the numbef healthy turns and the increase in ~ analysis of permanent-magnet demagnetization in a langehsynou
braking torque produced by the SC currents. \Wien 75% motor under a fault condition," IEEE Trans. Mag., v, no. 6, pf
King torque proadt oy - VM 0, 2118- 2123, Jun. 2005.
an increase of five t|m_es in the _healthy current is obseitned 13] G. J. Li, X. Ojeda, E. Hoang, and M. Gabsi, "Thermabietenagneti
addition, over the entire mV?SUQQted rotor speed range, t € analysis of a fault-tolerant dual star flux-switchipgrmanent magn
speed drops and the speed ripple increases with the increase inmotor for critical applications," IET Elec. Power Applal. 5, no. 6, pf
aorB. 503-513, Jul. 2011.
In comparison with the inter-turBC in two phases, with [14] L. Romeral, J.C. Urresty, J.-R. Riba Ruiz, and A. GarEspinose
the samex or i the speed dI’Op of the inter-turn and inter- "Modeling of surface-mounted permanent magnet synchsomeotor:

o L . . . with stator winding interturn faults," IEEE Trans. Ind. &ten., vol. 58
phaseSCis similar while its speed ripple is much higher. The o 5 pp. 1576-15985, May 2011.

accuracy of t_he proposed Si.mwation models have beﬁ@] B. Vaseghi, B. Nahid-mobarakh, N. Takorabet, and Eibdy-Tabal
extensively validated via experimental results on a prototype  “Inductance identification and study of pm motor witinding turn shot

FSPM machine. circuit fault," IEEE Trans. Mag., vol. 47, no. 5, pj@83981, May 2011.
APPENDIX

Table 1 Parameters of the prototyfig-slot/10-pole FSPM machine
Stator slot number 12 Mutual inductance 2.18 mH
Rotor pole number 10 Self-inductance 4.6 mH
Stator outer radius 77.2mm Phase resistance 1.06 Q
Rotor outer radius 43 mm Iron material Si-Fe 3%
Stack length 60 mm Permanent magnet SmCo
Air-gap length 0.2 mm Remanence @200°C 0.8T
Slot fill factor 0.4 Rated power 1.12 kW
N° of turns per tooth 100 Rated speed 1000 rpm
Phase no-load flux- 118 mWhb Rated RMS current 42 A
linkage
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