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Abstract: The irreversible magnet demagnetization phenomena are investigated in this paper, under bo
healthy and short-circuit conditions for a switched flux permanent magnet (SFPM) machine. The
temperature effects on permanent magnet material are taken into account and the influence of short-circ
current over demagnetization is evaluated. In order to calculate the short-circuit uaighy inter-turn
short-circuit), the MATLAB/Simulink model has been employed. The aforementioned short-circuit current
is then fed to the finite element model, so the demagnetization analysis can be carried out. Various fa
scenarios are investigated, including high speeds and high fault severity. It is found that the short-circt
current has limited effect on the magnet demagnetization due to particular features of the SFPM machin
The mechanism of demagnetization has been revealed and found out to be mainly due to temperature |
and poor PM materials utilization. Experiments have been carried out to validate the MATLAB/Simulink
model for short-circuit current predictions.

1. Introduction
PERMANENT magnet (PM) brushless machines are becoming increasingly attractive for the aircraf

and automotive industries due to several important advantages such as high torque density, wide spe
range, excellent robustness and fault-tolerant capability. These characteristics are desildeafo
applications where there is a trend to replace traditional mechanical actuators with the more efficient ar

reliable electrical ones [1].

The switched flux permanent magnet machines (SFPMR]s[3], as shown ifFig. 1| (a), meet

most, if not all, of the aforementioned requirements, while standing out in comparison with other PNV
machines. A SFPMM has a doubly salient structure, consisting of a passive rotor similar to that of

switched reluctance machine, making it suitable for high speed applications. Moreover, the stator hous
both the PMs and the concentrated non-overlapping windings, providing easy access to cooling for bo
the windings and PMs. The PMs are circumferentially and alternatively magnetized and kaddwit)-

shape iron segments, which are wounded by the concentrated non-overlapping armature coils. T
SFPMMs have been extensively studied in the past decade, being known to have bipolar flux-linkage al
sinusoidal back-EMF, which makes them suitable for brushless alternating current (BLAC) drive and ca
achieve high torque density and wide constant power speed range. When compared with other P

machines, especially with rotor mounted ones, it was shown that SFPMM exhibits the same if not bette


mailto:g.li@sheffield.ac.uk

performance [4], [5], [6], [7], [8]. The SFPMM also showed superior performance over sitdier
mounted PM counterparts [8], [9], [10], [11] such as the doubly salient and flux reversal PM machines
The doubly salient PM machines exhibit unipolar flux linkage due to PM locations in the stator yoke,
leading to smaller torque density when compared with the SFPMM. The flux reversal PM machines
although they can have bipolar flux linkages, has its PM adjacent to the airgap, being subjected 1
demagnetization risks and radial forces.

The original conventional SFPM machine with double layer windings lacks the fault-tolerant
capability since there are no electromagnetic and thermal separations between two adjacemmthesiés or
However, this can be addressed by changing the double layer winding layout to a single laji&] type
by adopting the E-core topology [13], [14], [15] which also uses less PM material.

However, despite the enumerated advantages, the key weakness of SFPMMs and other PM machi
are the PMs which are prone to demagnetization [16], [17], [18]. This is possible, especially in the aircra
applications where the machine might be subjected to a large range of operating tempebsaf@ds (-
150F°C) which can irreversibly affect the PMs’ magnetic properties. This is particularly the case for
SFPMM because its PMs are inside the armature coils, being close to the heat source, particularly in t
case ofashort-circuit fault.

Despite the fact that demagnetization is a serious issue, it has not been intensively investigated f
SFPMMs when compared with other PM machines. The overall conclusion, based on the few existin
papers on this subject, is that the machine is resilient to demagnetization under most operating scenar
provided that the PM temperature is kept low [19], [20], [21], [22]. In,[b8ed on the machine’s
magnetic flux path, a demagnetization investigation under healthy operation is conducted faaathare
SFPMM. It is demonstrated that regardless of the signs of d- and g-axis currents, the armature MMF
always parallel to the PM produced flux and hence will not demagnetize the magnets. In [20],
demagnetization analysis of SFPMM with ferrite magnets is conducted under both motor and generat
modes. It is found out that partial demagnetization occurs mainly due to machine topology (due to the el
effect of the PM being exposed to the airgap), which also affects the machine performance such as out
torque. Finally, in [21] a study considering higher operating temperature is conducted, showing th
possibility of irreversible demagnetization.

It should be noted that the previous investigations were made mainly under healthy conditions. Th
demagnetization phenomena has rarely, if ever, been investigated under faulty conditicspzeaiadye
duringa (phase or inter-turn) short-circuit. Therefore, the potential irreversible PM demagnetization in a 3:
phase double layer conventional SFPMM is investigated under short-circuit conditions. The types of faul
considered are inter-turn short-circuits affecting partially one phase, which are difficult to idewtifan

be destructive for winding insulations. The temperature dependent properties of PM material ar
2



considered over a range of 25°C to 150°C which covers most of the operating temperatures in tt

automotive and aircraft applications.

2. The Investigated Machine and Considered Fault
By way of example, a 3-phase conventional double layer SFPMM is used for investigatms alt

12-slot/10-pole and 4 series connected coils per ghase,|Fig. 1 (a). The machine main parameters are gi

in|Table 1. The inter-turn short-circuit fault was chosen as it is the most common fault in electrical

machines, and potentially could be more severe ditarminal short-circuit fault of an entire phase [23]. It
occurs in one coil of phase A, which is named the faulty component of the phase A. Accordingly, the
remaining three coils of the phase A will be referred to as the healthy components.
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Fig. 1. The investigated SFPMM topology with short-circuit in one coil of the pAase
a Cross-section of SFPM

b Simplified circuit diagram of three phases

¢ B(H) curves of NdFeB magnets used for different temperatures

Table1 Specification of the investigated machines

Stator slot number 12 Stator yoke height (mm) 3.6
Rated speed (rpm) 400 Stack length (mm) 25
Rated current (A) 11 Air-gap length (mm) 0.5
Rated torque (Nm) 2.2 Rotor outer radius (mm) 27.5
Stator outer radius (mm) 45 Magnet thickness (mm) 3.6
Stator inner radius (mm) 28 Number of turns/phase 72

Since the fault severity is also studied, a parametsrintroduced, which is defined as the ratio of

short-circuited turns over the total number of turns in the affected phase and can vary between 1.4 % (0

turn short-circuited) and 100 % (the whole phase short-circuited). This will be used in the following

sections for faulty modelling based on MATLAB/Simulink to predict the short-circuit currents during

different faulty conditions, which will then be used for magnet demagnetization analyses.



The PM material used in this paper is the high energy rare earth Neodymium Iron BoreB)YNdF
N35H compound [24] which is typical for SFPMMs. Ferrite magnets are not considered here because the
demagnetization withstand capability improves with temperature rise. In order to accurately consider tr
demagnetization phenomena, a special consideration is given to the PM material model. The FE moc
keeps tracking and updating the magnet remanengeinBeach mesh element if the demagnetizing
magnetic field strength drops locally below the knee point. This allows the PM material to recoil on &

minor loop and to account for post-demagnetization performance. To consider the temperature influen

on the demagnetization process, the demagnetization curves i.e. B(H), as §kayvi|iic), are used [25]

This is important as the knee points vary with temperatures, moving from the third quadrant at lov

temperatures into the second quadrant at higher temperatures [26], [27]. For each|Eiugvé|{c) the

knee point and the magnet remanence are summarized in Table 2 for comparison.

Table 2 Characteristics of PM material

Temperature [°C] 25 50 75 100 125 150
B [T] 1.20 1.16 1.13 1.09 1.06 1.03
Binee[T] -0.08 0.03 0.20 0.28 0.40 0.50

3. Fault Modelling of SFPMMs

3.1. Method of Investigation

The investigation method makes full use of a combination of FE and MATLAB/Simulink models.
The FE package used is Flux software from Cedrat\GilSE models are used to retrieve parameters like
inductances, back-EMF and cogging torque which will then be used to establish the Simulink model
Then, the Simulink models will generate the armature currents for different short-circuit conditions.
Finally, these currents (healthy and short-circuit) are used in the magneto-static FE modelsstthasse
aforementioned demagnetization.

The cogging torque and back-EMF are both temperature and rotor position dependent. In particule

the back-EMF is calculated for both faulty and healthy components of the phase A. For eatihecase

affected PM properties are adjusted so to account for different temperatures in [Table 2, while th

remaining (unaffected) PMs are assumed to work at the normal condition of 25°C. The inductances we
considered to be independent of temperature, depending only on their rotor pdditibe. extreme

temperature values (25 and 269 the inductance difference is less than 10%. In addition, further



investigation has shown that the influence of phase armature current on average self and mutt
inductances is negligible for the given phase current range.

A post-fault control strategy (speed control) is required and hence Simulink models are used in th
investigation. The output of the Simulink models mainly concerns the short-circuit and healthy currents
Four typical rotor positions of interest are selected (the positive and negative d- arg) grakased in
the static FE models. By investigating the component parallel to the magnetization direction of the flu:
density (B) of the affected PM and comparing it with the knee point values mble 2 for each
temperature, one can predict the nature of the magnet demagnetization (reversible or irreversible).

It is worth noting that the use of alternative solutions to the method presented above is possible. F
example, the co-simulation solution, which implies the coupling of Simulink with the FEM software.
However, this method is very time consuming due to a small simulation time step which needs to b

accurate enough to deal with all the higher order harmonics generated by the PWM block.

3.2. Dynamic Faulty Model

A simple but accurate dynamic faulty model is implemented starting from quFon (1), which is

typical [12], [28], [29] for all synchronous machines.

+ [e] 1)

where [v], [i] and [e] are the phase voltage, phase current and back-EMF vedtoysiéxcribed by the

following expressions:

Vp ih en
Vbl o | _|e»
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The indexes b and ¢ denotes the phases B and C related quantities while h and f indicates the heal
and faulty components of the affected phase A During normal operation, (short-circuit current) and
Va = VitV = avat+(1-a)vs,, 1.e. the faulty and healthy components of phase A are series connected. During
short-circuit, ¥ = i, ¥ = 0 and 4 # i which means that the short-circuited coil is separated from the rest of
phase A and it is no longer controllable. In case th& mot zero (i.e. a contact resistance exists at the
short-circuit point), the short-circuit current will be reduced. [R] and [L] are the resstamacinductance
matrices, characterizing the phases with special attention paid to the faulty and healthy components

phase A The resistance matrix [R] is given by:



R, 0 0 0
0 R 0 0

RI=10 0o R o ®)
0 0 0 R

where R is the phase resistance which is temperature dependent as the copper resistivity increases \
temperature. TheR (1-0)R and R= aR are the resistance values of the healthy and faulty components of

phase A The inductance matrix [L] is given by (4):
[ Ln  Mpn Mcpn Mgy
L(O)] = 4
EOV= Mo Mae  Le My @
Mps Mpr Mcr Ly
where the h and f subscripts are referring again to phase A only. [L] contains both self and mutus

inductances as functions of rotor positions, which are determined using FE models and can be depictec
Fig. 2.
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Fig. 2. Self and mutual inductances between various phases when inter-turgistuttfault within one phase occurs [2§]. |
is the healthy current; is the short-circuit current angd is the resultant current of the phase A

The typical mechanical model is descrilisd

dn
Tem + Teogg + Tretuct =7 - I +f 02+ Tipaa ()
where Em Teogg Trelwct @aNd Toag are the magnet excitation, cogging, reluctance and load torques,
respectively. J is the moment of inertids the friction coefficient, Q is the rotor mechanical speed and p =
10 is the rotor pole number, respectively,i$ given by pﬁb]t[i] where [¢] is the open circuit flux linkage
andit is associated with the back-EMF vector [e]. [i] represents the phase currents. The cogginamorque
been extracted from FE models as temperature and rotor position dependent. The average value

reluctance torque is negligible under healthy conditions and balanced operation but cannot belneglec

during short-circuit operations [30]:



n.f.b,c hf.b,c

z:dL _ z:de _
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3.3. Simulink Model and Associated Results

The Simulink model implements the equations f@ (1) to (6). The MTPA (maximum torque per
ampere) control strategy is used during both the healthy and faulty ope[Biprg(a). Since there is no
reluctance torque [3] during normal operation, this strategy implies 0 A current control. Two
controllers have been used, e.g. a Pl speed controlleB.@3, K=2) and &Pl current controller (k=10,

Ki=50), in order to maintain the same average torque and speed after the aforementioned fault occurs.

Using this model, the peak short-circuit current as a function of speed is obtained, as shown in Fig.

(b), which is also for various temperatures. It can be seen that the highest short-circuit curheenesl ac
when the temperature is the lowest. In addition, the short-circuit currents do not change significantly fc
low temperature cases such as from 25°C to 75°C. The back-EMF induced in the short-circuited coil :
well as the phase resistance are influencing the short-circuit current and are tempepatoierde The
back-EMF decreases while the resistance increases with temperature, thus limiting the short-circuit curre
at high temperatures. However, at higher temperature there is an additional phenomena which al
contributes to reduce the short-circuit current, as will be detailed in section 5.
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Fig. 3. Control schematic of the machine and peak short-circuit currents fousacenarios
a Control diagram

b Peak short-circuit current vs speed and temperature (25% fault seveiGiyt of 4 coils short-circuited),
¢ Peak short-circuit current vs fault severity at 25°C.



The influence of fault severity on short-circuit current is also investigated, using the same Simulink

model, as shown jRig. 3|(c). The short-circuit fault severity varies from 1.4% to 25%, corresponding to a

short-circuit of 1 to 18 out of 72 turns per phase. The entire fault severity study concerns ardyf one

of four, for three different speeds. Beyond 1000 rpm, the short-circuit current can be regarded &

independent of rotor speed as shownFg. 3| (b). Furthermore, the study is conducted at a low

temperature (25°C) in order to obtain the highest short-circuit currents.

It is found irjFig. 3|(c) that for different speeds, the one turn short-circuit is the worst scenario as the

current will reach a significantly high value, e.g. 125A for 1000 rpm, which is around 10 times the ratec
current (11A). The short-circuit current variation with fault severity can be explained using (7) which
gives the approximate short-circuit current peak value (by neglecting mutual coupling with the othe
phases as well as the contact resistance at the short-circuit point):

@ - Emax - W * Prax
J@ R?2+ (a?-w-L)? JR2+ (a-w-L)?
where R and L are the phase resistance and self inductancen&Edax are the peak values of the back-

~

lgc =

(7)

EMF and phase flux linkage white is the angular electric speed. Since the winding is concentrated, the
flux due to PMs through the affected coil will be constant for all fault severities. The only term in (7)
varying with the fault severity parameter ig’oL (reactance), which is negligible comparedifoat low

speed while becoming important at high speed. Therefore, at low speed the current does not va
significantly with the fault severity as it is mainly determined by the constant ratio ®®ma/R. However, at

high speed both the back-EMF and the reactance term are increasing, cancelling the influedde of R.
contribution ofa is much more pronounced now as it will reduce the reactance term, thus increasing thi

short-circuit current, as shown

Current [A]

Predicted ——— Measured |
T

0.1 0.15 0.2 0.25
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Fig. 4. Prototype and comparison between measured and predicted resdltfa(®Sseverity- 1 out of 4 coils short-
circuited)

a Prototype machine: stator and rotor

b i short-circuit current.

ci, phase current

d Speed

In order to validate the FE and Simulink models a SFPMM protq#jge 4{(a), is built and tested
according to methodologies used12], [28]. The dSPACE framework was used to implement the control

strategies. The comparison between predicted and measured results is |@igen4 nrhe experimental

validation is carried out for low temperature and moderate speed (25 °C & 300 rpm). A load torque of 1.4
Nm is introduced. Also, a low fault severity of 25% is considered to prevent damaging the machine durin
tests. The short-circuit is introduced at around 0.1 s. It can be observed that the predicted currents ma
well with the measured ones, as showh in F|g. 4 (b)-(c), so do the speeds, as shown|in)Fithid (d

validates the adopted FE and Simulink models.

4. Demagnetization Investigation under Short-Circuit Conditions

4.1. Low Speed Short-Circuit

At first, using the aforementioned faulty model, the short-circuit operation is investigated at low
fault severity (25% turns short-circuited) and low speed (100 rpm), so the short-circuit current is kept low
This can establish a baseline to analyse temperature dependent demagnetization becausedbefnflue
short-circuit current could be negligible.

Fig. 9 shows the demagnetized areas in the affected PM [the coil around this PM is shiteticirc
as shown ip Fig. [1 (a)] for two selected temperatures (25°C and 150°C). Only the positive d<axis (27

mech.) and negative g-axis (0° mech.) positions are shown. At low temperatures, as shown|in Fig. 5 (

and (b), the demagnetization occurs only locally, due to end effects. However, at 150°C, as[shown in Fig.
(c) and (d) the entire PM area is demagnetized regardless of rotor position.
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Fig. 5. Demagnetization flux density colour maps (whiteot demagnetized, colouredlemagnetized) with 25% short-
circuit at 100 rpmLeft-hand side is adjacent to the airgap.
aPositive d-axis 25° C
b Negative g-axis 25° C
¢ Positive d-axis 30° C
d Negative g-axis 150° C.

In order to better compare various temperature cases, the nodal flux densities (circumferenti
components) along the central line of the affected PM are showigirg| (d). For completeness, the

results ofa healthy case are also included. The cross-coupling effect between armature current and P

lowers the working point of the PMs for the healthy and short-circuit cases. However, the ekeratign

due to the cross-coupling is weak and therefore is not detailed here.

The working point for all temperature caseg in Fig. 6 are already much lower than the relevan

remanence (B from| Table 2, even for the healthy case. This is mainly due to the influence of the magnetic

circuit. However, the influence of temperature is much more significant, which lowers the working point
even further. The lowest working point (<0.4 T) for all cases, is achieved in g-axis, as sfowr6|(b).

For high temperature cases, e.g. 150°C, the local flux density) in the affected PM can havd revers

polarity with respect to the PM magnetization direction, as showRign 6] and hence be heavily

demagnetized. This will be investigated in more depth in section 5.
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Fig. 6. Flux densities (circumferential components) along the central line affected PM
a Positive d-axis (27° mech.), (25% short-circuit at 100 rpm)

b Negative g-axis (0° mech(R5% short-circuit at 100 rpm)

¢ Positive d-axis (27° mech.) and negative g-axis (0° mech.), @%Z%% fault severity)

d The path (dashed line) through the middle of the PM on which the i@presented.

The irreversible demagnetization phenomena occur when the operating temperatures are hi

enough, e.g. >100°C. Under all aforementioned conditions, the peak short-circuit current is lower than the

rated current due to low speed used, as shopwn in Fig. 3 (b). Therefore, the demagnetization of the affec

PM could only be due to the influence of the adjacent PMs and temperature rise. Howevessibie p
that higher speeds can result in higher demagnetizing short-circuit currents, which would aggravate tt

magnet irreversible demagnetization. This will be investigated in the following section.

A summary of irreversible demagnetization of the studied cases at low speed is|given ir) Table 3.

Table 3 Demagnetization Summary: 25% Short-Circuit at 100 rpm

Temperature [°C] 25 50 75 100 125 150

no no no yes yes yes

‘yes’ or ‘N0’ means irreversible demagnetization in a large area of magnet has occurred or not

4.2 High Speed Short-Circuit

The 25°C, 100rpm or 1000rpm with 25% short-circuit case is used in order to assess the magn

irreversible demagnetization, as shownFig. 6|(c). The low temperature is chosen as the short-circuit

current could be maximum, based on results shoyn in Fig. 3 (b). This can also eliminate the influence

temperature on magnet demagnetization so that the investigation in this section can be focused on
influence of the short-circuit current. For the selected speed (1000rpm), the resulting current is within 95¢
of the maximum achievable short-circuit current (for this fault severity). It is found that in the g-axis the
armature winding flux does not influence the working point of the PMs, as Sh@ (c). However,

regarding the positive d-axis the increase in the short-circuit current (from 6.3 to 36 A) hasslogihy

11



demagnetizing effect. Similar results were obtained for higher fault severities and therefore are nc
presented to avoid duplication. One can then draw a conclusion that the SFPMM is robust against magt

demagnetization at low temperature, even under short-circuit conditions.

5. Discussion on Demagnetization Mechanism
In order to analyse the previously observed magnet demagnetization due to short-ogcuit a

temperature, the influences of the armature MMF and PM field on demagnetization are separated using |
well-established frozen permeability (FP) method [31], which has been validated before using in this pap
Since the FP method based on the finite element model is only a tool for analysis, its principle will not b
repeated. The short-circuits investigated in this section concerns two cases, i.e. low temperature (25°
and high temperature (150°C), both are at high speed (1000 rpm) and 25% fault severity. This will give &

insight into the demagnetization process evolving from lower to higher temperature. Other temperature

achieve similar results. Therefore, they are not shown [here. |Fig. 7 shows the nodal circumferential flL

densities (B) along the central line of the affected PM obtained from two static FE models. The first FE
model contains the influence of both PM and current sources. However, in the second FE model, the PI
are the only sources of magnetic field, while saturation level of the magnetic circuit is keptgattha

using the FP method. Two rotor positions (positive d- and negative g-axes) are considereth for ea

tem perature.
0.8 . . ——g-axis - PM # current — 0.6
= q-axis - PM only T
06 ——-d-axis - PM + current 0.4 knee point
LB o d-axis - PM only
\ .‘.cﬁ’f 0.2
N - ~
0.47\:;: """""""""""""" O ettt e
EE J EE ‘,u»»— ________________________________
o gzt i o 0.2} I §
-0.4 : ——q-axis - PM + current | -
Lttt et e e e e e e e ¥ = g-axis - PM only
° -0.6 \II\ local effect —==-d-axis - PM + current | -
knee point © d-axis - PM only
02 35 40 45 30 35 40 45
Radius [mm] Radius [mm]
a b
1
/ |
\ ANA J-l_ |
)
H
-
-
c d

Fig. 7. The circumferential flux density component through affected PM at 1000rps8&f&ult severity and local
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phenomena detailing.

a Negative g-axis (0° mech.) and positive d-axis (27° mech.) at 25°C

b Negative g-axis (0° mech.) and positive d-axis (27° mech.) at 150°C

¢ Positive d-axis (27° mech.) at 25°C local demagnetization phenomena detailing
d Positive d-axis (27° mech.) at 150°C local demagnetization phenomena getailin

Based op Fig. [7 it can be seen that adding the current sources only contrilauteduction of the

magnet working point in the d-axis. This is the case for all studied temperatures. The reduction is due
the short-circuit current, which is equivalent to a demagnetizing d-axis current. However, for all

temperatures, the PM flux densities in g-axis are lower than that in d-axis, resulting in more sever

demagnetization. It is also found that at low temperature, as shown in Fig. 7 (a), the Ebh8ities are

higher than its knee point, and hence has not been irreversibly demagnetized. Moreover, the PM flt
densities along the central line of the affected PM first reduce and increase thereafter with the increasil
radius (from 28.5mm to 45mm). This is the case for both d- and g-axes. However, for high temperature

shown in Fig. ¥ (b), the PM flux densities are lower than its knee point, resulting in severe irreversible

demagnetization in both axes. Moreover, there are some local effects at both ends of the affected PM c¢
to magnetic circuit configuration which can enhance local flux lines or reduce them, depenthiegPM
working temperature. This is explained further in Fig. 7 (c) and (d) which shows both the local flux lines
as well as the PM demagnetized areas (colour map). The natural PM magnetization is represeated witl
big hollow arrow while the direction of the local flux lines is given by small arrows superimposed over
them. At low temperature the demagnetization has occurred only at the corners of the affected P
adjacent to the airgap, a local effect which was noticed in [20] as well. However at 150°C, genere
demagnetization occurs in the affected PM with a much worse local phenomena close to the PM edge, F
7 (d). Upon closer inspection, this high temperature local effect is the outcome of the evolution of th
initial demagnetized areas from low temperature (before short-circuit). These initisheeeagpanded at
each time steps (FE model) until they merge forming a bridge, as shown in Fig. A @erbéhe PM
corners from Fig. 7 (c). This is due to a strerigcal reduction of the Bat each time step when compared
to the rest of the PM. Therefore at high temperature the enhanced local demagnetizatian thkéeeM
edge is facilitating more the crossing of demagnetizing flux than in the rest of the affected PM. The
consideration of this effect is possible only due to the fact that the FE model can update the PM remane
flux density at each time stepthis phenomena will not be noticeable with classic linear PM models.

In order to explain the previously observed phenomena in Fig. 7 (a) and (b), the followingsanalys
has been carried out. Since the demagnetization contributions of both PMs and armature currents can

separated accurately using the FP method, their influence on magnet demagnetization céysdz ana

separatelyl. Fig. [8 allows a comparison between the PM fluxes at low and high temperatures. At lo

temperature, the PM is unaffected even though it is under the influence of high short-circuit current. A
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high temperature, the flux paths change significantly, in particuldhth€®py) generated by the affected
PM can be reduced or even eliminated. This can be explained using superimposed, simplified flux pat
over the existing flux lines, which helps to identify and compare the influence of adjacent PMs on the

affected one.

Fig. 8. Flux line distributions due to PM only at 1000rpm & 25% fault seyerhich is separated from flux due to
armature current using FP method and their associated simplified fynadia

a Positive d-axis (27° mech) 25° C

b Negative g-axis (0° mech.) 25° C

¢ Positive d-axis (27° mech) 150° C

d Negative g-axis (0° mech.) 150° C.

The flux line distributions at low temperature (25°C), are showhign 8[(a) and (b). Three flux

components can be identified in the area surrounding the affected PM. These are the yoke fluxes @y, ®y»
and the PM flux ®py generated by the affected PM. For low temperature, it can be seen that the yoke

fluxes (dy1 and dy,) are equal regardless of the rotor position. When it comes to high temperature (150°C)

as shown ifFig. 8[(c) and (d), there can bm extra flux component, the demagnetization flux ®gemag

crossing the affected PM in an opposite direction to its magnetization.

The demagnetizing component ®gemag depends strongly on the yoke fluxes generated by the two

adjacent PMs. By way of example, base@Fan 8|(c), it can be seen that for the d-axis the yoke fluxes are

not equal with one of them being higher than the other (®y; < ®y,). Some of the yoke fluxes are diverted

from the affected PM due to rotor tooth alignment with the stator tooth, which lowers or chad&lsnag

component. As a result, the irreversible demagnetization at d-axis is not so severe, as|shown imdFig. 6 &

Fig. 7. However, when it comes to the g-ax|&ig. 8|(d), the yoke fluxes are equal and contributing in the

same manner to ®gemag Therefore, for this rotor position, the influence of adjacent PMs on the affected one
is the same. The demagnetizing flux flows from the upper adjacent PM, crosses the affected PM and ent
into the lower adjacent PM without being diverted into other parts of the machine and results in the highe

demagnetization.

Despite that the simplified flux lines|iig. 8|are for the 25°C and 150°C cases, the analysis can be

extended to other temperatures. For example, for short-circuit at 75°C, the demagnetization phenome

will not occuras the knee point is low enough. Therefore, the ®gemagcOMponent does not exist similar to
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the case at 25°C. Also, this type of analysis can be extdodetlysethe influence of current sources on
magnet demagnetization. In this case, only the d-axes need to be investigated withatiueeaflux
enhancing (positive d-axis) or decreasing (negatigeig;-Dgemag

It is worth highlighting that in secti 3 it was found that the short-circuit current decesaties

temperature increases, as shown in Hg. 3 (b). This is due to the phase back-EMF and resistance combi

effect. However, for temperatures > 100°C the short-circuit current decreases at a much faster pace. At
lower temperatureg<75°C), the back-EMF drop (hence short-circuit reduction) is due to reduction in the
remanent flux density only. When it comes to higher temperatures, the irreversible demagnetization occt
in a significant (or even entire) volume of the affected PM. This would lead to a fulthexase in the
remanent flux density. As a results, since the PM working point is located on a lower recoil line, the

resulting back-EMF in the short-circuit coil drops even further.

6. Conclusions
This paper has used the MATLAB/Simulink based faulty model and the frozen permeability (FP)

method to investigate the influence of inter-turn short-circuit on magnet irreversible demagnetization of
conventional SFPMM. The influence of other factors such as rotor speed, and PM operating temperatur
has also been taken into account. It was found that the SFPMM is extremely resilient to magne
demagnetization in d-axis and at low temperature although the short-circuit current is the highest in th
condition. The main factor which contributes to the SFPMM robustness against demagnetization is tt
magnetic circuit configuration. The affected PM is shielded by two U-shaped iron segments which divet
the demagnetizing fluxes from the affected PM, and preventing it from being demagnetized. &heaefor
short-circuit current and adjacent PMs have slight influence on the affected PM. At higher temperature, tt
short-circuit current is lower due to increased phase resistance, reduced magnet remanence and he
reduced phase back-EMF. However, the knee point is higher and the PM material has much low
coercivity which enables the adjacent PMs to easily demagnetize the affect@®ierte magnetic circuit
alignment the highest irreversible demagnetization occurs in the g-axis, which can simplify the post

demagnetization analysis as only these particular positions need to be investigated.
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