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Comparative Study of Fault Tolerant Switched
Flux Permanent Magnet Machines

P. Taras, G. J. Li, MembdiEEE, and Z. Q. Zhu~ellow, IEEE

such as aerospace and automotive [} [3], [4]. Compared
Abstract— The fault tolerant capabilities are compared in this with other rotor-mounted PM synchronous machines, the
paper for the conventional double layer switched flux permanent SFPMM exhibits some distinguished advantages [5], [[]
magnet machine and its single layer counterparts, i.e. C-Cor&-  thg p\s and windings are both located on the stator, as shown

core and modular. The comparison includsthe inter-turn short- . . . . -
circuit and irreversible demagnetization faults. A combination of |n (@), making them easier for cooling, whilst the rotor

Simulink and finite element models is used in the study. Basea o d0€s not contain any PMs or windings and hence is much more
the predictions, it is found that the modular topology produces robust and suitable for high speed applications. In addition,
the lowest short-circuit current and also has the best since the SFPMM employs non-overlapping, concentrated
demagnetization withstand capability while the conventional one windings, the end-winding and consequently the copperidoss
produces the highest short-circuit current and has the worst \o4,ceq  |eading to potential increase in machine efficiency.
demagngtlzatlon withstand capability. The frozen permeability Alth h SEPMM sh f its advant ith oth
method is employed to separate the flux produced by armater oug shares ;ome of 1ts advantages wi 0_ er
current and magnets, and the results shoad that, besides the Stator-mounted PM machines such as the doubly salient
influence of short-circuit current, the available magnet volume (DSPMM) and flux-reversal (FRPMM) permanent magnet
and magnetic circuit configuration play an important role in the machines, including the rotor simplicity and robustndss,
demagnetization process. It is also found that removing half qhe exhibits bipolar flux linkage, making it possible to achieve
magnets, such as using C-core, E-core and modular topgies, higher torque density than the DSPMM in which the flux
generally improves the demagnetization withstand capability and link ) inol 81 It also h better PM ol t
also increases the torque per magnet volume. Measured s inkage is unipolar [8]. _aso_ as a better pace_men
are also presented to validate the short-circuit current predicons compared to the FRPMM in which the magnets are subject to
and magnet demagnetization. pulsating radial force and potential demagnetization [5].
The conventional SFPMM has a double layer winding

configuration and hence it is not suitable for fault tolerant
applications since there are no thermal, physical and magnetic
separations between phases. This can be improved by adopting
a single layer winding also known as the alternate poles wound
SFPMM, in which only alternate stator poles are woung [9]
[10], [11]. Several single layer SFPMM have been proposed i

Index Terms— demagnetization, fault tolerarce, fault tolerant
control, permanent magnets permanent magnet motors,
reliability, short-circuit currents, temperature dependence.

NOMENCLATURE

Z, o ggg?g&néglrnxp?:;:elga and c recent years. They are all based on the modification of the
f Friction coefficient unwound stator teeth, e.g. the C-core topology [9], as shown in
[@d) Open-circuit flux linkage vector (b), completely removes the unwound teeth, whilst the
nk w:g:%%?nft'er:]dazgitri‘g&?el i value E-core topology, as shown[in Fig. J,(eplaces the PMs from

ib, ic Currents in phases B and C the unwound teeth with the same iron material as the stator
i, it Currents in healthy and faulty components of phase. iron core If PMs in alternate stator teeth are removed, the
i L ggrg:nglj)g;r?gecgc :)r}erzgglthy and faulty components o modular topology can then be obtained, as ShOig' 1 (d)
" phase A [10], which allows to achieve better fault-tolerant capability
L, Lc Self-inductances of phases Band C since the self-inductance increases whilst the mutual
My g"e“glna' Lnﬂﬁ(ét?cﬂffw?ﬁtwﬁeﬁ X andywherexandyca  jnductance decreases. In addition, the stator structure is
D Numb);r of pole pairsg' ” simplified by using C-core, E-core and modular structures and
R Stator phase resistance the PM volume is reduced, which also leads to potential
Q Mechanical speed increase in the torque per PM volume

‘ Esrt'shj;hon'c"cu'ted tums to total number oftr However, an important issue of all the SFPMMs is the PM
e Electrical rotor position location, which is inside the concentrated armature coils,

Tem Tcogg Trelucty
Tload
Vh,
Vb, Ve

Electromagnetic, cogging, reluctance and load torque

Voltages on healthy and faulty components of phase
Voltages on phases Band C

|I. INTRODUCTION

making them potentially vulnerable to demagnetization due to
high temperatures and demagnetizing fields during flux
weakening or short-circuit operation [1[L3], [14]. This
would be a problem for instance in the aircraft applications
where the machines often need to operate at high temperatures

HE switched flux permanent magnet machine (SFPMI\?’I‘} around 15%C, which can irreversibly demagnetize the PMs.

has attracted much attention in recent years due to its
torque density and robust rotor structure which make

,_@F}bough important, the issue of demagnetization in the

PMMs has been brought under investigation only recently.

suitable for safety-critical and harsh environment applicatio}qjé‘e available literature shows that the machine can withstand
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demagnetization under generating and motoring operatiomgchines, i.e. conventional double layer, single layer C-core,
given that the PM temperature is kept low [1H]6], [17], E-core and modular machines, is investigated. Since the short-
[18]. The armature MMF is found to be always parallel to treércuit fault can quickly lead to significant temperature
PM MMF and hence will not demagnetize the magnets. ilmcrease, the temperature dependent properties of PM material
[16], an analysis of a SFPMM using ferrite as PM shows thae also considered in the study.

local demagnetization occurs in the corners of the PM adjacent

to the airgap leading to deteriorated machine performance. [l. FEATURES OFINVESTIGATED MACHINES

This occurs in both generating and motoring modes. INd17] The cross sections of the conventional and modular
study considering PM dependence with temperature is carfiggchines are shown in Fig. 1 while their main parameters are
out, showing the possibility of irreversible demagnetization gen in Table I. Compared with the conventional one, the C-
high temperatures. Finally, in [18] the demagnetization &re, E-core and modular topologies have the PM volume
assessed for a SFPMM having hybrid ferrite and NdFeB PMgjyced by half and some of the PM magnetization directions
at different temperatures. changed in order to maintain an alternating polarity across the
stator circumference. Giving the different magnet

TABLE | PARAMETERS OFTHE INVESTIGATED MACHINES . . . .
magnetization directions for the C-core, E-core and modular

Stator slot number 12 Stator yoke height (mm) 3.6 structures, the coil connections must also be chapged, JFig. 1
Rotor pole number 10 Stack length (mm) 25 | ; _

Rated speed! (Tom) 200 Airgsp lovgth iy 05 (©) (d). Moreover, in case of the E-core and modular
Rated rms curren 1 Rotor outer radius (mm) 27.5 Machines, the unwound stator teeth are modified by either
(A removing the magnets or replacing the magnets with iron

Rated torque (Nm)  2.2/1.5/2.0/1.8 * Magnet thickness (mm) 3.6 \hjle the wound teeth containing the PM have the same
Stator outer radius Magnet remanence

(mm) 45 NdFeB (T) 12 geometries as those in the conventional machines. All
Stator inner radius (mm) 28 Number of turns/phase 72 machines have 3-phase winding, and all studied fault tolerant
*Conventional/C-core/E-core/modular machines(C-core, E-core and modular) have two coils per
phase while the conventional one has four coils per phase.
\®® I @@/ ®\® ®A However, to maintain similar phase back-EMF level, the
\\@9 ' @b/ number of turns per phase is the same for all investigated
$ 2 ° o machines. The PM material used in all machines is NdFeB
—— —— (N35 grade) [19].
' ;9’ \5) ® ® As shown in [20], a link can be established between
% o © ® topologies from Fig. [l (b)|- Fig.|1 (d) based on a geometrical
la@ (@ @ ® parameter nametflux gap’ which quantifies the variation of
the unwounded stator tooth width. Considering the modular
@) (b) topology[ Fig. 1 (d), in which the PMs in alternate stator teeth
are removed, leading to a flux gap opening of 7.5 mech. deg.
& ® &) @ . . .
@\ /Q) @\ /@J The flux gap opening can be increased or reduced, leading to
enlargement or reduction of the flux gap, as shovjn_in Rig. 2
e & e e During this process, other machine dimensions are maintained
[t | ——

® > o ® constant. However, at some stage during the reduction process,
(c), the tooth sides adjacent to flux gaps will eventually
® @ ® overlap, leading to the dissapearance of the flux gap. At this
/‘D ®\ /® ®\ point, the SFPMM becomes an E-core machine with a zero
@ flux gap opening. Continuing the reduction of the flux gap

© opening will result in the reduction of the unwound stator tooth

Fig. 1 Cross-sections of considered SARAB (a) Conventional, (b) C-core,

(c) E-core, (d) Modular. thickness until the lower negative limit of flux gaps (-15
However, in the available literature, only healthy conditiorgsegrees)’ for which the tooth dissappears, ”""”Sform'”g the E-
core topology to a C-core one, as shown[ in _Fify. 2 (f)

are considered and only the conventional topology .
investigated. Moreover, the fault-tolerant topologies such asgx_erefore, the flux gap width ranges from -15 mech. deg. to

. .6 mech. deg., with the lower limit being given by the

core, E-core and modular machines have been compared OnI\X/ . . . A
. : : unwound tooth disappearance while the higher limit is

from the point of view of electromagnetic performance arllm osed by the feasibility of the windinas. It is worth
static characteristics but have not been studied under faultp y Y gs-.

operations, particularly under the inter-turn short—circ:uriTt]gntlonlng thatata 7.5 deg. flux gap opening, the copper area

" o s the same for both the modular and the conventional single
conditions. Due to the specific topology of the SFPMM &P ayer machines as shown Ih this manner. a link 9

are surrounded by armature coils), the inter-turn short-circyi . . ! .
could have a dramatic effect on the affected PM. TherefortheotWeen the three studied SFPMM is defined with the help of

fill in this gap, in this paper the potential irreversible th; Eg:vgﬁgdptaegwesti:::gi_the structural changes which affect
demagnetization due to inter-turn short-circuit of four SFPM ' '
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e Modular machines with flux gaps (actual)the flux gap _Modular (7.5 deg.) 18 60
ranges from @o 20.6 mech. deg. and the resulting stator is
segmented as showr{in Fig. 2 (a) to (c). In addition, the separation between phases and hence the

e E-core machines with a variable cross-section of tfult tolerant capability can also be linked with the flux-gap
unwound tooth- the flux gap (virtual) interval is (-15, 0] Parameter, e.g. higher flux-gap opening means stronger
mech. deg. as showr:in Fid. 2 (d) to (e). separation between phases. It is worth mentioning that the C-

e C-core machine as shown[in Fid. 2 (f), obtained from t&€re topology (a highly un-optimized double layer machine

@ both have a strong mutual coupling between phases. This can
0) be proven by the results showd in TABLE| [l in which the C-
@ ®) © However, the modular machines with large flux gap openings
have the lowest mutual inductance and hence provide the best
E) resulted magnet irreversible demagnetization as will be
investigated in the following sections.

similar features as the double layer conventional SFPMM, i.e.
&/ _ Y 4
@ @
=) phases with the conventional one (0.6fH vs 0.12 mH).
will have a profound influence on short-circuit current and the

E-core machines at the flux gap (virtual) d5:mech. deg. from the point of view of slot/pole number combination) has
core topology has a comparable mutual inductance between
® = AN \ ® magnetic, thermal and electrical decoupling between phases.
@ D\ ‘ @ The influence of flux gaps on mutual coupling between phases

(d) (e) ®
Fig. 2 Flux gap opening variation. (a) 20.6 deg., (b)de§., (c) 3.75 deg, (d)

0 deg., (e) -7.5 ded(f) -15 deg.. TABLE Il AVERAGE SELF- AND MUTUAL INDUCTANCES
In this way, the C-core, E-core and modular machines can Self inductance Mutual inductance

be studied and compared in a unified way by varying the flux : [mH] [mH]

. - - . Conventional 0.24 -0.12
gap opening, as shown(in Fid. 3 fand TABLEAEcording to —= 55 0.47 0.09
[Fig. 3 the E-core topology produces the highest averag€core 057 0.05
torque Although the E-core machine produces 10% loweModular(7.5 deg.) 0.53 0.04
average torque than its double layer conventional counterpar
TABLE 1), it is still acceptable, given the fact that the PM lll.  FAULT MODELLING OF SFPMM

volume is halved in the former. This also means that the E’Investigated Faults

core SFPMM makes better use of the available PMs. It is ) ) L .
interesting to note that with the increasing flux gap openin The PM .|rrever.s.|ble Qe_rnagngtlzatlop fal.“t under mter.-turn
the performancef the E-core topology improves while for the® ort—cwcun_condltlons_|s investigated |n_t_h|s paper. Th_e inter-
modular topology the performance deterioratdscan be turn short-cwcun_ fault is a severe condition [2[32] whlch_
concluded that the auxiliary unwounded tooth, without ﬂu)g_ffects fche machme operayon and can Ieaq to _the destructhn of
gaps, is important inretaining as much performance aéhe entire winding. H|gh mte_r-turn short-circuit currents will
possible when compared with the conventional double laygfd to local overheating which can propagate further to the

SFPMM. Ms placed inside the affected codéthe SFPMMs due to
their specific stator topologie#\s a result, the irreversible
= ‘ ' " pvorsgs o 150 demagnetization fault could occur, lowering the PM remanent
| | flux density (B) and hence the overall machine performance
= _ By way of example, the short-circuit is introduced in phase A,
?1_5//\ oo as shown if_Fig.]4 (aJFurthermore, it is assumed that if only
g \ g one coil per phase is short-circuited, then for conventional
) -1 machine the fault severity is 25% while for C-core, E-core and
g C-core 150 8 modular machines, it is 50%. Subsequent studies concerning
05 1 the demagnetization will be foce on the PM inside the
#—— E-core ———— Modular ———; affected coil.
9 73 . 75 15 2% The PM material defined in finite element model has to
) Flux gap opening [deg] _ account for changes in, Blue to irreversible demagnetization
?fmﬁ;ﬁ’;ﬁg; iﬂreq;:a?:gefkr‘ig%SSQ}'SE‘:"’;\'/?:;;;;QHIMgap opening. - egpecially at higher temperatures [2@4]. The PM model
will update the B locally inside each mesh element if the
TABLE Il PERFORMANCECOMPARISON magnetic field strength H drops below the knee point valye H
Areraoe e T T e 2 shoyvp_i (b). The update algorithm is the following:
Conventional 52 14 (1) initially the PM working point is defined by the point w
C-core 15 101 which has a remanence af B

E-core 2.0 79
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(2) assuming the new working point is d ang<HH,, B, circuit current as expected due to their leigbelf-inductance.

will be updated to B; It should be noted that although the short-circuit current is
(3) if the demagnetizing MMF is reduced, the new workinguch smaller for C-core, E-core and modular machines, the
point isw’ along a recaoil line defined by, B resulting demagnetizing MMF produced by the short-circuited

coil will still be close to that of the conventional machine. This
is due to the fact that the short-circuited coil contains a double
number of turns for C-core, E-core and modular machines
when compared with the conventional counterpart.

TABLE IV STEADY-STATE PEAK VALUES OF SHORT-CIRCUIT CURRENT 2000

RPM
(@) (b) Machines 25°C  50°C 75°C  100°C 125°C  150°C
Fig. 4 The faults investigated inithpaper. (a) schematic representation of theconventional 36.4 35.9 35.2 327 30.4 24 .4
inter-turn short-circuit fault, (b) the PM irreverielilemagnetization model. C-core 20.0 19.9 196 17.8 15.9 11.7
E-core 18.9 18.9 18.8 18.5 18.0 15.9

B.Method of Investigation Modular 152 150 148 143 136  1L1

The investigation method adopted in this paper is based on
a combination of FE (Cedrat/Flux2D) and MATLAB/Simulink . o
models. Firstly, FE models are used to obtain the inductand@&xperimental Validation of Faulty Model
back-EMF and cogging torque waveforms which are Two prototypes (conventional and E-core machines) are
temperature and rotor position dependent. These will be usséd during experimental validatioBoth machines have the
later in phase variable models implemented in Simulink, whidg-slot and 10-pole configurations as shou{Fig. § The
will then generate the armature currents under the inter-tdimensions of the conventional machine are given in TABLE
short-circuit conditions. Finally, these currents are introduckdvhile the E-core machine has the same parameters as in [29]
in the magneto-static FE models to assess the aforementicaredi therefore not reproduced here. It should be mentioned that
demagnetization. It is worth noting that the solution of usirjthough the stator diameter and copper losses are the same,
FE and MATLAB/Simulink models is much faster than tte the split ratio is different between the two prototypes
simulation models while providing satisfactory accuracy. =~ However, the E-core prototype has the same rated cutihent
. . same number of turns per phase, the same slot area as the
C.Dynamic Model (Motoring Mode) conventional one and hence the resulting short-circuit currents

The dynamic operation model [11[R5], [26], [27], [28] can be compared between the two machines.
that can be used for both healthy and faulty operations is based

on Matlab/Simulink models and represented in Fig. 5. Thi
SFPMM model can be implemented using equationfs (1) ar
in the Appendix. The Maximum Torque per Ampere
(MTPA) control strategy is used. The conditions imposed fo
all machines are the same rated current (11 Arms) and tew
same speed (1000 rpm) during healthy conditions. Initially, th
machine operates under healthy conditions and then the int
turn short-circuit is introduced in the phase A. The temperatul
rise effects are considered during the faulty operation for th ) ;
short-circuited coil and the affected PM. @ (b)

[d |
[dt |

Fig. 5 The dynamic operation model.

Using this model, the short-circuit current can be calculated |
The peak values during steady state regime for different ©
temperatures are given|in TABLE |V. It can be noticed thaiy. 6 Prototypes of conventional and E-core SFPMMs witrstb#40-pole
short-circuit current decreases with temperature. This is dudagonventional stator, (b) E-core stator, (c) @mional rotor.

two reasons. First, the resistance of the affected coil increasgsynamic tests have been carried out in motoring mode for
with temperature. Second, remanence of the affected magiith machines under the MTPA control strategy mentioned
and its contribution to the phase back-EMF decrease W#feviously. The dynamic model discussed in the previous
temperature. Moreover, it is also found that the C-core, E-c@gtion is implemented using a dSPACE platform [11], an
and modular machines are characterized by a smaller shfferter and a DC machine as mechanical load. The speed and
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torque are maintained at the same values during both health'

and faulty modes. By way of example, in case of the * convéntional-prediéted
conventional machine, the phase A is affectedtasne coil AL 7
short-circuited (out of a total of 4) corresponding to a fault § O e-core - measured .
severity of 25%. For the E-core machine the 50% case is g 30/ e :
considered which also corresponds to one coil affected (out of 3§ )
2 per phase). In both cases, the steady state peak to peak sho ; 207 < _e__,,o.——**""'"”’"'
circuit current variation with speed is showfi in Fij. 7. Agood 3 | e |
match can be observed between the predicted and measure Lt
results with errors less than 5%. 0 i ‘ ‘ ‘ ‘

The predicted and measured currents in the affected coils, a 0 200 400 600 800 1000

Speed [rpm]

V\{e” gs speed Waveforms before and after the inter-turn Shﬁ@.’ 7 Steady state peak to peak short-circuit current vsrrepeed for
circuit, are shown {n Fig.]8 for a speed of 1000 rpm.

conventional/one coil and E-core/one coil shorttdiroperation in motoring

mode.
30 : T 1200 T T T T
‘ predicted ——— measured predicted ——— measured
20 1000
= 10 ‘= 800f b
< 5
g 0 o 600 1
= 3
3
G 4o/ @ a00f ]
=20+ 200 b
=30 L L L L L 0 L L L L L
1 1.01 1.02 1.03 1.04 1.05 1.06 0 0.5 1 1.5 2 25 3
Time [s] Time [s]
@) (b)
15 T " " 1200 T T T T
‘ predicted ——- measured ‘ predicted ——— measured
10} A R SR S S S T 1000 o
[ Rk N . [ b i
5 i’ | ' ‘ r' |l | : : | ! 800
— L 1 ) 1 h i i L] L b
= 7y TRE HANANA &
- | =
5 of Ly ENENE = 600} :
5 RN ‘ b ] 3
o 5 AT ‘YA AR & 400! A
i i T B Y . 1 1 ! t
! H H ‘! Ify / A b
10 d 1 200 B
_105 I L L I I 0 L I I L L
.71 0.72 0.73 0.74 0.75 0.76 0.77 0 0.5 1 1.5 2 2.5 3
Time [s] Time [s]
© (d)

Fig. 8 Predicted and measured currents in the affectedandilspeeds. (a) conventional - current, (b) comwesl - speed, (c) E-core current, (d) E-core -

speed.

phase A is short-circuited.
V. COMPARISON OFSFPMMs DEMAGNETIZATION .
WITHSTAND CAPABILITY A Local Over-Heating Case

. o The color maps of the flux density component parallel with
As a direct consequence of the short-circuit current, a P y b P

- . . the magnetization direction in the affected PM are shown in
demagnetizing MMF is developed, which could cau :
) . o for low and high temperature cases. The color map scale
irreversible magnet demagnetization. Therefore, a compar - )
: . X o . IS upper limited by the knee point value of the affected magnet
is carried out in terms of demagnetization withstand capabil . ; . .
. show only the irreversibly demagnetized areas. The negative
for the conventional, C-core, E-core and modular SFPMMs_ . " S :
. o . -axis rotor position (rotor tooth is aligned with the affected
under the aforementioned short-circuit conditions. Two ca . . : . .
. . . ) is chosen as being representative, since the PM working
are considered the first one concerns local over-heating of

the affected PM and short-circuited coil while other coils ar%?'m 's the lowest in this positio@nly the conventional and

. : -80re cases are represented as the C-core and modular
magnets working at normal operating temperature. The secqn

: T : opologies yield results similar to the E-core one. It can be
one assumes fault operation under short-circuit while all t o
. . seen at low temperature (29 that the demagnetization effect
magnets and coils are working at the same temperature, € % . .
A . 15 Yocal and confined at the bottom corners of the PMs. This
100°C- global over-heating. For both cases, only one coil of
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effect was noticed during healthy conditions as well foot. Although none of the topologies is irreversibly
SFPMM using ferrite magnets [16]. However, at higdemagnetized at this low temperature, the conventional and C-
temperature (10€C), total PM demagnetization occurs for theore topologies have lower magnet working points when
conventional machine as show. 9 (c), while for the BEempared with others, leading to narrower margin to the
core the demagnetization is limited to only half of the igreversible demagnetization.

[9] (d). This is due to PM material high knee point (0.28 T for The results for 100°C are showr[in_Fig] (b). Similar to
100°C). For 150°C, the knee point value is even higher (0.5 e previous results, the PM working points of the E-core and
and irreversible demagnetization occurs throughout the entitedular machines are higher than the conventional and C-core

affected PM for all studied topologies. counterparts. Most importantly, for the modular machine, most

; . My 008 npart of the affected PM is not irreversibly demagnetized except

{ I I for the edge effect at the bottom of the PMhe results for
236l 2100 15C°C have also been obtained, which have similar trend as for

10C°C, but the affected PM for all topologies has been

b
® ® irreversibly demagnetized although the demagnetization levels

0.28 0.28

r ! I 1 for E-core and modular machines are lower than the C-core
i I i J I and conventional machines. It is also found that the modular
-2.68 -262°  machine can withstand at least a temperature of 25°C higher

© @ than the conventional and C-core machines as shown in

Fig. 9 Demagnetization flux density colour maps (whiteot demagnetized, TABLE V_WhICh summarizes t_he demagnetization Occurroence
coloured — demagnetized) with short-circuit fault at 1000 rpm) (OVer a wide range of operating temperatures from 2&°C

conventional 25° C, (b) E-core 25° C, (c) convemtiol00° C, (d) E-core 150°C for the studied topologies:

100° C.
TABLE V |RREVERSIBLEDEMAGNETIZATION VS. TEMPERATURE
1.2 :
jg"c’:::"““a' conventional C-core E-core modular
1T L geore 25 °C no no no no
0.8} —— Modular 50 °C no no no no
| 75 °C no no no no
E 06\ Ng _ o] 100 °C yes yes yes no
I:DE 0.4} ++++++++++++++++++++ty+' igg og zzz 522 z:z z:z
0.2 1 *yes means irreversible demagnetization has occurred in timame50% of the
ol area of affected PM.
0.2 ‘ ,_knee point In order to explain why different machine topologies have
30 ,3: sius [mm] 40 45 different irreversible demagnetization withstand capabilities
@) the frozen permeability (FP) method is employed. Using the

FP method, the affected PM can be artificially removed from
the FE model without affecting the working point of PMs and
knee point the saturation level of stator and rotor iron cores. In such a
__________ ‘,4 way, the influence of mutual coupling between adjacent phases
------------------- :J and PMs on the affected magnet can be accurately
= investigatedFig. 11]shows the flux produced by healtRys

along with all the current sources (healthy and short-circuited)
T aomventional] | The conclusion is that the rest of the magnetic circuit has a
e demagne_tizing effect over the affected PM sinc_e the_ qu>§ lines
‘ ‘ ) are crossing through the affectet on the opposite direction
30 éigdius [mm] 40 45 to its magnetizatiaon

(b) Looking at the local flux patterns circled by the dashed, fan-
Fig. 10 Flux densities (circumferential components) along theraeline of Shaped curve fro it can be seen that the conventional
the affected PM. (a) 25°C, (b) 100°C. and C-core topologies are quite similar. The demagnetizing

The flux density colour maps 9 only show thBux produced by the rest of the magnetic circuit is flowing
irreversibly demagnetized areas, but they cannot eagr@ely through the affected PM. This explains in turn why they
quantify the severity of the demagnetization. In order to do §9th present the worst demagnetization withstand capability.
the flux density (circumferential component) along the centrbilé  E-core machine, however, diverts some of the
line of the affected PM is used. The results for low temperat@@magnetizing flux through its magnetless tooth, leading to
(25°C) are shown in_Figl0](a). The knee point value is alsdmproved demagnetization withstand capability. The modular
given so that the plots can be compared against it in ordefB0logy appears to be the best solution amongst all the

indicate if the irreversible demagnetization has occurred iByestigated topologies, with the demagnetizing flux being
both diverted but also reduced due to the presence of unwound
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teeth with flux gaps (increased reluctance). It is worth notiByGlobal Over-Heating Case
that the previous analysis was carried out at low temperaturen this section it is assumed that the entire machine is
and short-circuit conditions. However, the results can egposed to the same h|gh temperature while Working under
extended to higher temperatures under both healthy and shfik coil short-circuid condition. By way of example, 100°C
circuit conditions. is chosen as the working temperature for all PMs and
- windings. As investigated in previous sections, it is the
threshold temperature beyond which the modular machine
starts to be irreversibly demagnetized.

The short-circuit currents obtained for the new case are
compared with previous results (only one PM is working at
100°C), as shown [n TABLE V!I. In this case, it is found that
the short-circuit currents are all higher than the local over-
heating case.

TABLE VI SHORT-CIRCUIT CURRENT COMPARISON

conventional C-core E-core modular
one PM 32.7 17.7 18.5 14.3
all PMs 35.2 20.6 18.8 14.6
0.8
0.6+ [
knee point
0.4 r _________________________________ N
B 02} {rrrrrrmr e e oAl
o 0
Fig. 11 Flux lines produced by PMs & armature currents afteroséng the 0.2 Conventional | 7
affected magnet at 25°C. (a) Conventional, (b) C-cqod E-core, (d) o4l _t_;ggr’:
MOdUIar' ) —— Modular
,,,,,, — 0.6 L I 1
MMF, @, Ry (@ Rum! R 30 35 40 45

| Radius [mm]
Fig. 13 Flux densities (circumferential components) along threrakline of

the affected PM (all PMs at 100°C).

plae e G

From Fig.13Jit can be noticed that the working point of the
PMs is generally higher for all PMs at 100°C case than the
previous case where only the affected magnet is working at
S 100°C Moreover, the E-core and modular topologies can both

A lumped parameter magnetic circuit can also be employgdsely withstand demagnetizani although the edge adjacent
to explain the previous results. By way of examplg, the airgap is still irreversibly demagnetizathis is mainly
only the modular topology is detailed. However, the circuit i\, 1o the fact that the adjacent PMs are much weaker in this

can be adopted for the rest of studied machines witheo generating smaller demagnetizing MMF.
appropriate modification. The adjacent PMs are represented by

the MMF, and MMF, which produce flux®,; and ®y,. ®gemag C.Experimental Validation of Temperature Effect PMs
represents the demagnetizing flux through the affected PMIn this section, experimental results concerning the variation
Ryemag@nd Ry are reluctances characterizing the affected anfl PM working point with temperature (and hence indirect
adjacent PMs. B, Ryg1 and Ry, are reluctances determined byalidation of reversible demagnetization) are presented for the
airgap and different overlapping sections between the statonventional double layer prototyp&his is done by using
and rotor eegh. Ry in particular is the airgap reluctancedour type-K thermocouples mounted on two adjacent PMs and
defined between the magnetless stator tooth and the rdber corresponding coils, as shown The
tooth The flux-gap reluctance is represented by. For thermocouples for measag winding temperatures are buried
modular and E-core topologies part of potentiallgeep in the stator slots while the PM ones are located at the
demagnetizing fluxes @y, and @y, can be diverted through,R lateral end of the PMs.

circuit branch and also reduced by the extrg Bius

minimizing the ®gemay cOmponent. Therefore, a modular

topology will limit the demagnetizing influence of the rest of

the magnetic circuit by either diverting the flux from the

concerned area (throughgRor reducing it (though flux-gap).

Fig. 12 Simplified lumped parameter magnetic circuit for thedolar
topologies.
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é Coil A1
PM1
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Fig. 14 Locations of thermocouples.
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TABLE VII FINAL LOCAL TEMPERATURES

PMy
63

Coil A,
106

Coil By
66

PM,
51

Temperature [C]

magnet is reversibly demagnetized due to the temperature rise,
as shown ifi Fig15| The threshold PM temperature (100°C)
for irreversible demagnetization has not been reached in order
to protect the machine because it will be used for future
investigations.

V.CONCLUSIONS

Three modular single layer SFPMMs are investigated and
compared with the conventional double layer counterparts in
terms of machine performance, short-circuit current and
demagnetization withstand capability. This research is original

and has not been carried out in previous wrks. TABLE|VIII

summarizes the main features of each topology.

6

4,

N

Back-EMF [V]
N o

—26C ——--63C i

120 180 240 300 360
Rotor Position [elec. deg.]

(@)

0 60

—25C ——-863C

Back-EMF [V]

120 1§0 2;10 360
Rotor position [elec. deg.]
(b)
Fig. 15 Coil A; back-EMF. Waveforms for 25°C and 63°C. (a) predic{bil
measured.

The purpose of the experiment is to show the back-E

0 60

360

variation due to temperature increase in the affected PM. The cooling

TABLE VIlII  SUMMARY OF THE STUDIED TOPOLOGIES
Conventional C-core E-core  Modular
Av. Torgue[Nm] 2.2 15 2.0 1.8
Torque/PM vol.
[Nm/m?] 1.44e6 1.96e6 2.61e6 2.35e6
Iscat25°C [A] 36.4 20 18.9 15.2
DWC poor poor good best

* DWC: demagnetization withstanding capability

It is found that the reduction of the PM volume affects both
performance and demagnetization withstand capabilities.
There is a performance penalty adopting fault tolerant
solutions such as E-core and modular topologies (for instance
a drop in the torque capability and lower power factor due to
increased  phase  self-inductance).  However, irthe
demagnetization withstand capability improves compared with
conventional and C-core machindsis is mainly due to the
fact that the magnetless stateeh of the E-core and modular
machines divert some of the demagnetizing flux produced by
the remaining healthy parts of the magnetic éfrqorotecting
the affected PM against the irreversible demagnetization. As a
result, better phase magnetic separation and also better
demagnetization withstand capability can be achieltedan
be concluded that a good compromise between performance
(average torque and torque ripple) and fault-tolerant capability
would be using a modular topology with a small flux gaps
which leads to an average torque drop slightly higher than 10%
while being able to withstand a temperature of around 25°C
higher than its conventional counterparts. The modular

achine can be developed further so the flux gaps can be used
allowing the machine to work at higher phase

experiment is conducted in open-circuit generator mode SiRgerents and to improve the torque/mass ratio. Therefore, the
I IS found that the magnet demagnetization is mainly due jp,mg aspect will be developed further in future studies. The
adjacent magnets rather than armature currents (healthy gndhiing high performance, fault tolerant capability and
short-circuit). The methodology is as follows. First, back-EMfq,ced price will make the modular topology well suitable for

of the-coil Al is me.asulred at I,OW temperature (2_5°C)' N@é‘érospace and electric and hybrid electric vehicles
the coil Al is short-circuited, while the rotor speed is very h'%[bplications.

(2000 rpm) in order to produce a high-short-circuit curreat t

will increase the temperature of RM63°C), as shown in APPENDIX

TABLE VII.| The PM; temperatureof 63°C corresponds to

106°C in the coil A;. After the desirable temperature has been
reached on the affected PM (P\the short-circuit is removed given by:
and the back-EMF of the coilAs measured again. A drop of

3% in the back-EMF confirms the expected outcome that the

The electrical model implemented in Matlab/Simulink is

p=[R ] QLD e ) w
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where [v], [i] and [g] are the phase voltage, phase current and Proc. ICEM, Marseille, France, 2-5 Sept. 2012.
back-EMF vectors. The [R] and [L] quantities are the matricg$ W. Hua, M. Cheng, Z. Q. Zhu and W. X. Zhao, "Conigr of
of the phase resistance and self- and mutual- inductances. Thelectromagnetic performance of brushless machiness having tsiag
. . . . stator and rotor," J. Appl. Phys., vol. 103, noviarch 2008.
mechanical model is described by: . ,
do [8] W. Hua, Z. Q. Zhu, M. Cheng and Y. Pang, "Comparisbrflux-
- n. t i1_ 1. . switching and doubly-salient permanent magnet brushlessimeachin
Ton+ Teoge+ Trewwr= P+ [ @] -[i]=J + Q4T @) Proc. ICEMS, Nanjing, China, 27-29 Sept. 2005.
[9] Z. Q. Zhu and J. T. Chen, "Advanced flux-switchingnpenent magn:
. brushless machines," IEEE Trans. Magn., vol. 46, no. 6, pp.-1443
wherep = 10. For SFPMMs, the average reluctance torque is jyne 2010.
neQ'?g?ble under he_althy Cond.itior?s but can playnarn [10] R. L. Owen, Z. Q. Zhu, A. S. Thomas, G. W. Jewell andHBwe,
negligible role during short-circuit operations [30]. The “Alternate poles wound flux-switching PM brushless AC hiaes,’
dimension of the vectors involved in equations (1) and (2) is 'EEE Trans. Ind. Appl, vol. 46, no. 2, pp. 790-79@rbh-April 2010.
associated with the number of phases. Since the fault is &ldbC- J- Li. J. Ojeda, E. Hoang and M. Gabsi, "Double andlesilayer:

. . . flux-switching permanent magnet motors: Fault toleraatlel for critica
considered, an extra term is added to describe the short—{mpncaﬁOnsgi'[,)1 ICEMS, Beiji?]g, 20-23 Aug. 2011.

circuited coil. Ther (%) is introduced to quantify the severity;o) g zhao, L. Tian, Q. Shen and R. Tang, "Demagnetiaatinalysis c
of the fault. The vectors from equations (1) can be rewritten permanent magnet synchronous machines under short circltjt fa

such as: Proc. of APPEEC 2010, Chengdu, 2BMarch 2010.
v i (1-1)-e [13] S. Ruoho, J. Kolehmainen, J. Ikdheimo and A. Arkkiotelitlependenc
v i a of demagnetization, loading, and temperature risegaremanent-magn
[v] = b [i] = b [eg] = €p (3) synchronous motor," IEEE Trans. Magn., vol. 46, no. 8, $19-953
Ve |’ ic|"™° ec March 2010.
Vs L T°eq [14] P. Zhou, D. Lin, Y. Xiao, N. Lambert and M. A. Rahm&hemperature

where h and f are indexes describing the faulty and healthy dependent demagnetization model of permanent magnets rie

components of the affected phase. The flux vector can be le:fg”ezgtlg”a'ys's"' IEEE Trans. Magn., vol. 48, no. 2, pp11034

eXpressed S.Imllal’ly as the back-EMF vector. The [R] and [[IIS] J. D. McFarland, T. M. Jahns and A. M. EL-Refaie, "Denetigatior
are given by: performance characteristics of flux switching permanenagme
1-7‘R 0 0 0 machines," in Proc. ICEM2014, Berlin, Germany, 2-5 Sept4201

0 R O 0 [16] S. Li, Y. Li and B. Sarlioglu, "Partial irreversibldemagnetizatic
[R] = 0 0 R o | assessment of flux switching permanent magnet machine ushitg
permanent magnet material," IEEE Trans. Magn., vol. 517 npp. 1-S

0 0 0 -R July 2015.
L, Mgp Mcp Mgy (4) (177 s. Zhu, M. Cheng, W. Hua and X. Cai, "Finite elemamalysis of flu
M L M M switching PM machine considering oversaturation andverssble
[L(H )] = hB B CB fB demagnetization," |IEEE Trans. Magn., vol. 51, no. 11, Jpg, Nov

e Mpe Mpge Le Mg 2015.

th MBf MCf Lf [18] I. A. A. Afinowi, Z. Q. Zhu, Y. Guan, J. C. Mipo dnP. Farat

Th . di | foIL If-ind "Performance analysis of switched-flux machines with hyNdé&eB anc
e man iagonal of [L] represent self-inductances ferrite magnets," in Proc. of ICEMS 2014, Hangzhou, 2826 2014.

characterizing each phase, as well as the faulty part, while [%T"Arnold Magnetic  Technologies,”  [Online]l.  Availab
rest of the terms represent mutual inductances, which are all http://www.arnoldmagnetics.com/uploadedFiles/Library/deb%20-

[20] P. Taras, G. J. Li and Z. Q. Zhu, "Comparative study l@frraative
modular switched flux permanent magnet machines," in Prod,
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