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Post Demagnetization Performance Assessment for Interior Permanent
Magnet AC Machines

Sreeju S. Nair, Student Member, IEEE, Vipulkumar I. Patel, Member, IEEE, Jiabin Waiugy, \ember, IEEE
Department of Electronic and Electrical Engineering, The University of Slkf8&effield S1 3JD, United Kingdom

This paper assesses post demagnetization performance of Interior Permanent Magnet (IPM) AC machines by employing the more
accur ate recoil line approach based on 2-D transient finite element (FE) analysis. The method predicts continuous demagnetization of
each magnet element under going partial demagnetization and evaluatesthe machine behavior after an event of short-circuit faultsacr oss
itsterminals. Along with the short-circuit faults, afailurein drive controller or position sensor which may lead to arever se voltage acr oss
the machine terminals that can eventually be more fatal and can cause significant reduction in the performance due to high levels of
demagnetization, is analyzed as the worst case scenario. The FE predicted post demagnetization performance is validated by
experimental measurements in which a 6- phase Interior Permanent Magnet machine designed for EV traction is allowed to lose its
synchronization with theinverter when forced to operate on ator que-speed envelope which isway beyond the drive voltage setting.

Index Terms— Field Weakening, Finite Element Analysis, Interior Permanent Magnet, Inverter failure, Partial demagnetization,
Short-Circuit Faults.
torque, the transient currents in machine phases can be much
higher than its maximum rating and the resultant large d-axis
I NTERIOR PERMANENT MAGNET (IPM) brushless machines current may cause partial demagnetiza{io§l.[The extent of

have increasingly been used in transportation applicatiodemagnetization is dependent on the magnet operating
such as electric and hybrid vehicle tracti1-3], shigemperature under such conditions. A more serious event may
propulsion |E], and also aerospace actuatiop [5]. Thesecur if the inverter loses its synchronization with the machine
machines cabe operated in a wide range of speed especiallyack EMF, resulting into an opposite voltage being applied at
in constant power region][6] compared to the surface mountg terminals and developing a sudden surge of currents in the
permanent magnet (SPM) machines by employing fielphases. Hence a comprehensive assessment of partial
weakening contro|j|7E|8]However the machine temperaturedemagnetization at the worst operating condition is necessary
can increase during continuous operations at higher speetishe design stage to understand and to minimize its impact.
since the machine iron loss increases with speed and only a pafthere exist a number of demagnetization models in the
of the armature current is being utilized for producing the useflilerature for assessing the risk of partial irreversible
torque while the rest is required for controlling the main flux tdemagnetization in permanent magneMj machines. The
limit the voltage, which results in more copper loss. models described i@ and @ aimed to diagnose partial

A number of recent IPM brushless machines for tractiolemagnetization in a PM machine based on the torque spectra
employs fractional slot concentrated winding configurat [%&nd the magnetic circuit characteristics, respectively, under an
[17], which produces a large number of lower and higher ordevent leading to partial demagnetizatiowhile the
space harmonics in the stator magneto-motive-force (MMRjonsequence of the partial demagnetization can be quantified
These harmonics can deeply penetrate in to the rotor magrgsthese approaches, the demagnetization patterns and their
and produce significant eddy current losges]4] which may, causes are not analyzed. An analytical approach to assess the
in turn, lead to increased temperatures especially at highgrtial demagnetization by superposing the armature reaction
speeds The increasen temperature can ghithe operating fields in the magnets for a quasi-Halbach magnetized tubular
point of each magnet segment of the machiea lower BH PM machine described . The analytical approach is not
curve with an increased knee point flux density valuapplicable to IPM machines with complex rotor geometry and
corresponding to its operating temperature. high level of magnetic saturation. Demagnetization assessment

The introduction of d-axis current to control the air-gap fluXor various IPM rotor types is carried out using average flux
at deep field weakening operation may push the magnet flaghensity distribution in different magnet segments at various
density towards the vicinity of the knee point. Hence IPNbad anglesn [22]. However, the approach does not consider
machines are designed with adequate demagnetizatitwe direction of flux density with respect to the direction of
withstand capability at its maximum operating temperature amdagnetization, hence leading to inaccurate results for partial
at its maximum speed when filed weakening control ifreversible demagnetization. All these models predict partial
employed[[3] [9], and[[Lg]. demagnetization when the magnet operating point along the B-

The risk of irreversible demagnetization can be furthe curve goes below the knee point flux density. However they
intensified in the event of a transient short circuit in fieldre not capable of predicting the extent of partial
weakening operatior@. Under the event of a sudden shordemagnetization because the magnets are not completely
circuit due to the inverter failure while operating at its peaiemagnetized even if they operate below their knee points.

Manuscript received August 19, 2015. Corresponding aushds. Nair Consequently, they cannot be used to predict the post
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To address this problem, a number of demagnetizatiomodel are validated by experiments in which the machine is
models have been proposed in literature to track the historyfofced to loséts synchronization when operating at high speed
partial demagnetization, hence, providing a means farith excessive current in the deep field weakening. Finally the
predicting post demagnetization performar@eRuohoet al. derating of the machine after partial demagnetization is
compares a number of simplified demagnetization modetgiantified forits post-fault operation.
for an overloaded and overheated SPM machine. The most

promising model among themapable of tracking history- |l. CONTINUOUS DEMAGNETIZATION ANALYSES USING 2-D
dependent hysteresis considers both the magnitude and FEA
direction of magnetization of permanent magnetibtails to In order to assess the continuous demagnetization it is

describe the NeFe-B magnet behaviour accurately. A modehecessary to track the flux density in the direction of
reported by K. Gyu-Hongt al.in accounts for the change magnetization for every element of the magnets in the FE model
in remanent flux density of the magnet elements when they a machine distinctly with respect to the knee point flux
operate below the Knee poirk. Zhilichev in employed densityata specified operating temperatulrethe presence of
recoil lines to predict the magnetization vector when tharmature reaction field, if the flux density of any magnet
operating points have fallen below the knee of thelement evaluated has gone below the knee point flux density
demagnetization B-H curve. This method is incorporated #s shown in the Fig,it will be operated on a new BH curve
and [27] to evaluate the combined effect of temperatureith reduced remanent flux densitfhe new BH curve
and the demagnetization in PM machinesHowever, no denoted as the dotted line in Fig. 1, is determined by the recoil
experimental results on the post-demagnetization performanice and its intersection with the vertical axis. This
are provided for the validation of these models. necessitates the model to keep the history of partial
Demagnetization assessment of an IPM machine under stademagnetization for every element of the magnets and to
turn fault conditions is performed and@, and owing reassign its magnetization levels in an efficient way to assess
to a controller limited fault current is evaluated [BO[by the demagnetization levels and to compute the machine
updating the remanence of the magnet elements followipgrformance under extreme or fault conditions.

partial demagnetization. The post-fault performance is assesse 05

and verified by experiments with limited accuracy. A similar B —

concept is used to assess demagnetization under different fau 28

conditions in[B1] and for a distributed wound IPM B 4o

machine, but no experimental validation of post-fault -

performance is given. L8 /,//
Demagnetization assessment of PM brushless machine: operatingload line before fault, /(’/

employing fractional-slot winding configuration under worst ~ B " Recail liny o

case faults, and its comparison with distributed wound PM {Taimés 7 ~Demagnctization Curve

machines is reported ifL§ . However, this method is not st NP2\ 1w =-Virgin Curve

qualified to evaluate a continuous demagnetization procedure il

as the remanence of each permanent magnet element is n¢ -too 650 } -300-02 |50 400 750 1100 1450 1800

updated in the event of partial demagnetization and the new H (kA/m)

-0.7
value is not incorporated in the sut_)seq_uent step of the analygig. 1. pemagnetization B-H curve with virgin curee the material L35SEHT
This can result in the overestimation of the extent of at 180° C explaining partial demagnetization.

demagnetization as the short circuit current in an event of fault

is not being reduced after each subsequent step when the patrrt]ial Then%pgazatchhe Tmzjloyf; dgntth tlcs) (S:E)unds)i/ dl;fijserir ncel{tir;/:tig]n
demagnetization occurs. € Seco q 9 '

To date the worst case demagnetization scenario for IPE?Q”G the virgin curve of the magnets shown in Fig.1 is used to

has not been comprehensively assessed. In addition, the C?terrrrglnf(iae}gmglinT;teeélﬁe@jgra?jlrﬁngrr:-gotrgi ?SZE;CBG of
demagnetization performance evaluated in the literature 58 . : y

mostly confined to the study of change in back EMFs and t agnets of grade N35EH with its B-H charactens [

reduction in torque as a result of partial demagnetization has fopwn In Fig.2 is used for study in this paper. To start ik

been quantified extensively. analysis, flux density component®,,q,Xy,, and ByqqYpn,

The objectives of this paper are to comprehensively asségferred in the XY coordinate system shown in Fig. 3 for each
the risk of partial irreversible demagnetization for the IPNinagnet element are calculated individually based on their angle

brushless machines unden event of symmetrical faults by ©f magnetizationg, as,

employing a continuous demagnetization model and to prediBt,,; X ,, = B1axC0S0,, » 1)
the post fault performance. The results obtained are compargrgagy'Dn = B axSING .

with the method describeih [18]. The performance of the

machine after a drive failure, resulting in the loss of’
synchronization of the applied voltage with the machine, #Uring its magnetization which is the flux density at the
evaluated as the worst case failure. The results from the [fersection of the B-H curve with the virgin curve as shown in

here B .is the saturation flux density achieved in magnet



Fig.1, and the subscriph’ denotes the ri" element of the P To evaluate the extent of partial demagnetization after
magnet. An example of the decompositionBy,, for the "  operation, the magnitude of the minimum value of the flux

magnet element in thé'pnagnet (p=1 and 2) is shown in Fig.S.OI.enSit.y achieved ".‘ th.ethnelement of b magnet along the
The magnetization of each magnet element is calculated in Eiisectlgn of magnetization can be calgulated as

and the slope is decided by the recoil permeability of the B(MiN), = Byema gX nCO i+ B gana ¥ nSIP (3)
magnetsAfter the first step of the transient FE the flux densityt is evident that partial demagnetization is said to have occurred
B, in the direction of magnetization observed in each elemeifithis value has gone below 0.3T at 180°C and 0.42T at 190°C
n of the §" magnet is decomposed o the X-Y components as shown in the Fig.Zhese values can be identified as the knee

given by, point flux densities for the corresponding BH curves, as the
BaemagX pn=B prCOSH . @ curves ghange their slope frqm the product of- .relative
BgemagY pn=B prSiNG o permeability of the magnet material and the permeability of the

The B-H curve model for each element is updated and storbg® SPaCeHr#o) to a much higher value at theBy assessing

based on the flux density values calculated by (25 fitocess the minimum flux density in each element of every magnet, the

repeats in every transient stéus maintaining the information percentage of the demagnetization of the magnet can be

regarding the minimum flux density observed for every elemeﬁyalubated ftoagardtmtular temperatttljre c{{f operatlton. TQ'S methgd
of the magnets during its course of operation. If the flux djensican € extended 1o any operaling temperature by providing

in a magnet element during a transient step is above the kﬁgérespondmg temperature dependent B-H curves for the

point of the material B-H curve for a given temperature, ghgagnet under consideration.
remanence defined for the element will not be changed. If, Input the Machine model with
however, the flux density is below the knee point, the B-H curve Virgin Curve and BHcurves

. . in the an and EId Quadrant
of the element for the subsequent step will be redefined by .

plotting a recoil line generated from the new minimum flux
. . . . . . Decompose the B, value for every magnet

density as shown in the Fig.1.This calculation is repeated fol [ element 'n’ for each magnet ‘p’ and store ]
every element, and hence different elements of a magnet migt T
be operating on different magneﬂzaﬂon levels foIIowmg an Initialize the magnetization for every
event of uneven demagnetization. The new value of minimunr element of the magnet based on values

; ; ; : : d and recoil bility
flux density calculated in the X and Y directions is updated anc stored and recon permeabihty

stored for all those elements which have their flux density value i
gone below their previolis updated value before proceeding [Rgassignmagneuzaﬁmforthose ]

. - A ) i it End of the study?
for the following step. The whole process of demagnetization| ®lements of the magnet with mode
updated minimum flux density No

analysis is illustrated in the flow chart shown in the Fig.4.
B s e B e el [ Execute the next transient step of study ]
: 1.1 l
R SIS BIESVRRSEL S e A 5 1 . -
] Decompose the By, value in the
> 09 Update Bd_“’"t‘l‘lg Hon - d direction of magnetization for
""" - 0.8 Baomag Yon n - e store every magnet element 'n' as
07 flux density data Baomas on 208 Baomag Yon
0.6 ;
el L3 -
o
KneePoint 448

[ T ~0azT
Wi T Check if

Baemag Xpn
Flux density stored (1)

Check if

Ba‘sm:w rn
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Demagnetizing Field, H (kA/m)

Fig.2. Demagnetization characteristics of N35EH magnet.

Fig.4. Flow chart of partial demagnetization analysis of proposed model.

I1l. CASESTUDIES

Without loss of generality, a 6-phase, 18 slot, 8-pole
fractional slot IPM machine is considered in this study. The
machine is developed to improve safety and to enhance
drivetrain availability in traction applicatida®]. This machine
has enhanced availability inheren, as loss of one 3-phase
) system will not lead to a complete loss of traction power. The

X BiagXin cross-section of the PM machine is shown in the Fig.5. The
Fig.3. Decomposition of element flux density of a magnéle direction of  machine winding consists of three series connected coils wired
magnetization. around the adjacent teeth with polarity as indicated by “+” and




“-“ and phases denoted as A, B, C, D, E, and F. The magnets  peak torque in percentage for the faults F1 to F6. Due to
are shown in red and green as indicated by MiPj, where i = 1p&sence of sub-MMF harmonics in the fractional slot PM
denotesth magnet of the jth rotor pole (j = 1 to 8). The phasmachine@ and , partial demagnetization in each pole is
shift between A-B-C and D-E-F windings is 20° electricalslightly different. Hence, the reduction of the back EMF varies
which is achieved by 13 slot—shi. The design parameters in a narrow range for the faults F1 to F4. It can be seen that the
of the machine and the performance at the rated and the peschine performance is not affected by short circuit faults F5
torque with magnet properties at 150°C is tabulated in Tablahd F6 while it is most affected in F2. Fig.6 compares the
and Table Il respectively . increase in current to generate the rated and the peak torque
The 2-D transient FEA of the machine is carried out usingfter the short circuit faults F1 to F6. As the faults F5 and F6
the commercial FEA software in which the demagnetizatidmave not caused any partial demagnetization the rated and the
model described in section Il is implemented. M270-35Aeak currents are not affected as indicated in the figure with a
electrical steel is used for both the stator and the rotdoted horizontal line.
laminations. For the demagnetization analyses, operatingTable Ill compares the maximum phase currents, peak
temperature of 180°C is considered. For 2-D transient FEA, themagnetizing currents (d axis currents) and the steady state
current sources are connected in parallel with the switchslsort circuit current obtained by the proposed method with
which can be turned on at a specific rotor position with regardspect to the method described @[Where continuous
to the lineto-line voltage &its zero or peak when a short-circuitdemagnetization is not accounted. Table IV compares the
fault occurs. For considering the voltage reversal due percentage of partial demagnetization in all the magnets
controller losing synchronization, voltage sources arealculated from the demagnetization tables during faults, F1 to
connected in parallel to the current sources separated WHA. If flux density in a magnet element is below the knee point
switches which can be turned on in sequence without affectimgnpen a post-fault steady-state is reached, this element is
each other. considered to be partially demagnetized, although its
remanence may still be close to that without demagnetization

TABLE |
FAULT CONDITIONS UNDERCONSIDERATION
Prefault Torque  Speed
Fault -

operation (N-m) (rpm)
F1 6-phase short-circuit Rated torque 75 2800
F2 6-phase short-circuit Peak torque 140 2800
F3 3-phase short-circuit Rated torque 75 2800

F4 3-phase short-circuit Peak torque 140 2800
F5 6-phase short circuit Rated power 191 11000
F6 6-phase short circuit Peak Power 27.8 11000

F7 6-phase voltage reversal Rated torque 75 2800
F8 6-phase voltage reversal Peak torque 140 2800
F9 3-phase voltage reversal Rated torque 75 2800
_ F10 3-phase voltage reversal Peak torque 140 2800
Fig. 5. Cross-section of 6-phase, 18-slot, 8-pole IPMhinac F11  6-phase voltage reversa Rated power ~ 19.1 11000

F12  6-phase voltage reversal Peak power 27.8 11000
The study focuses on the fault conditions, listed in the Table

I, which are most critical with respect to partial irreversible TABLE Il
demagnetization. Faults F1 to F6 are short circuit faults while POSTDEMAGNETIZATION ASSESSMENTFAULTS F1T0 F6
F7 to F12 considers the worse scenarios when the voltage Fault % Reductionin Back emf % reduction in Torque
vector has erroneous 180 electrical degree offset with respect to Rated Peak
the back EMF due to faults in the position sensor and/or the = 1.8510 1.96 0.91 1.49
controller. F2 4.06 t0 5.38 2.43 3.6
F3 0.42t0 0.58 0.21 0.42

A. Demagnetization Assessment for Short Circuit Faults Fa4 3.071t04.75 19 2,57

Table Il gives the post demagnetization assessment in terms EZ 8 8 8

of reduction in back EMF and the reduction in the rated and the

TABLE Il
COMPARISON OFCURRENTS FOROLD METHOD AND PROPOSED METHOD UNDER/ARIOUS FAULT CONDITIONS

F1 F2 F3 F4 F5 F6
Old Prop. Old Prop. Old Prop. Old Prop. Old Prop. Old Prop.
Metd. Metd. | Metd. [ Metd. [ Metd. Metd. Metd. [ Metd. Metd. Metd. Metd. Metd.
Maximum phase current (A) 215.6 212 245.8 236 201.6 198 225.5 224 134.5 134.5 136.1 136.1
Maximum d-axis current (A) -193.7 -184 -227.3 | -235 | -201.6 -200 -254.7 | -236 -122.3 | -122.3 | -120.3 | -120.3
Steady-state short circuit current (4 -79.5 -74.85 [ -79.5 -72.3 -79.5 -75.2 -79.5 -73.3 -79.5 -79.5 -79.5 -79.5




S i partially demagnetized areas. However, even though the

76 76 7! 23.7% respectively. However, more reduction in torque under

6 - - .- - Rl | o E
169 F4 is seen.
5 167 < X - —r—— — - - < e
75 165 3 ’ i s )

-1

181.53 ® Rated Torque = Peak Torque percentage of the demagnetized areas under these conditions
z T8 7789 prefault 179.6 ! R are quite high, the reduction in remanence seen in many
; N ;Légf?oti;ue 744 [ Prefaut 179 ‘g partiall_y dgmagnetizgd areas is re.latively small, h(_ance torque
3 17574 f:r';gm e 17 g reduct!on is also relatively small. It is alsg wqrth noting tha}t the
S BN R RE I L S I | reduction in the post fault torque capability is not proportional
5 hoad 5 -E to the percentage of demagnetization. For example, partial
g i — ) ;u demagnetized areas under faults F1 and F4 are 36.8% and

S

Fl F2 F3 F4 F5 F6

Fig. 6. Comparison of post fault current when magnetemtees at 150°C for
generating rated and peak torque. (Faults F1 to F6)

TABLE IV
COMPARISON OF THE PERCENTAGPARTIAL DEMAGNETIZED AREAS
OBSERVED IN ALLMAGNETS UNDERV ARIOUS FAULT CONDITIONS
F1 F2 F3 F4 F5 F6

M.P, | 102 | 153 | 84 | 17.1 0.1 0.2
M P> 8.2 10.2 6.2 15.0 0.0 0.1 oS R ~ S \
MP, | 681 | 856 | 122 | 27.3 0.0 0.0 (a) 6-phase SC atekk (b) 3-phase SC ghd

4 <

MP, | 75.4 ] 877 [ 101 ] 204 | 01 0.0

MiP; | 45.2 67.4 12.3 | 25.2 0.1 0.0 Fig.7 Comparison of demagnetized regions after shorticfeaults.

MP; [ 502 [ 553 | 91 | 17.0 [ 0.0 0.1 o

Mipj 60 | 72 | 73 | 1211 02 | o1 B. Demagnetization Assessment for Voltage Reversal.

MoP, | 5.2 5.2 24 7.3 0.0 0.0 A set of more severe faults with respect to demagnetization,
MPs | 724 | 932 | 206 724 ] 00 | 00 F7 to F12, attributed to the voltage reversal resulting from
MPs | 805 ] 972 | 163 | 644 | 0.0 0.1 . ter losi hronizat ith t to the back EMF
VP T 84 [ 162 [ 122 221 00 0.0 inverter losing synchronization with respect to the bac

M. | 92 | 122 | 6.1 | 140 | 00 0.1 yoltag_es of the phasgs, due to sensing error or inverter fault are
M.P, | 54 7.3 43 | 132 0.0 0.0 investigated here. Since the machine has two separate 3-phase
MaP; | 5.2 8.1 42 | 114 | 00 0.0 winding systems, the failure due to one set of 3-phase supply

MiPs | 68.3 82.2 11.1 | 23.1 0.1 0.2
MoPs | 72.4 89.1 7.0 16.7 0.2 0.0

losing synchronization and all the —ghases losing
synchronization are simulated separately to assess the partial
demagnetization. Table V compares the peak phase current, the
imum d-axis current and the corresponding g-axis current

From these results following observations can be made ab

the post fault performance. The peak demagnetizing current %?ing faults F7 to F12. Table VI shows the reduction in back

a significant impact on the partial demagnetization of th MF voltage and reduction in the rated and the peak torque as
magnets. With an increase in pre-fault operating current, the

kd tizi t durina fault t ient also | result of demagnetization associated with faults F7 to F12.
peak cemagnetizing current auring fauit transient aiso mcreaﬁeﬁe results from the post demagnetization table indicate that all

and, hence the magnets are more susceptible for parpe?ults, F7 to F12, have resultédfar more significant partial

demagnetization. I.n the case Of 3 phase_faults, the minim magnetization of the magnets. Fig. 8 indicates the increase in
average flux density observed is lower with respect to the f-

h faults | f1h ts. but th I ; e rated current and the peak current in order to produce the
phase faults in some ot the magnets, butthe overall percentage y 4nq the peak torque after the partial demagnetization has

demagnetization is comparatively lower. _This makes the po (I,curred. Table VIl compares the average value of the
fault performapce after 3-phase faults sllghtly better than linimum flux density in the partially demagnetized regions of
phase faults with the same pre fault curréns also seen that Il the magnets during various faults, F7 to F12. The extent of
the steady state short circuit currents are reduced as a resuﬁzﬁ ial demagnetization is not showr’1 as a table because only
partial demagnetization compared to th? method rep_ortedé all regions of the magnets from faults F11 and F12 has not
18 where post-fault performance analysis is not possible afy der gone some degree of partial demagnetization, while every

the steady-state short circuit currents are computed by ll'—‘l ment of each magnets has gone below 0.3T in Faults F7 to
assuming the magnets are not demagnetized. The variatior?:'rb

percenFage demagnetiz_atic_)n among the magnets indicates t%‘?he following observations can be made from the results
no;-urlc/llfl\%:m demf?]gnetlza_tlor_] ?#efto tt_he E)relsfgf\; of IE_WS tained from the simulation of Faults F7 to F12. First the
oraer Space harmonics In the fractional-stot M Maching,, e of maximum d-axis current during the faults, not the peak
Fig.7 (@) and Fig.7 (b) shows the comparison of th
demagnetized regions in the magnets for the worst affect

faults F2 and F4, reinstating the uneven distributions o

magnetization. Fault F9 has created the maximum

?ase current prior to the fault, influences the extent of partial
emagnetizing current which pushes the minimum average flux



density in the magnet M2P3 to -1.91T. It is observed that the 3-
phase voltage reversal faults (F10 & F12) could create the

TABLE VII
maximum demagnetization current comparable to the 6-phase CompARISON OF THEAVERAGE MINIMUM FLUX DENSITY (T) IN THE

Vo|tage reversal faults (F7 & F8) for the same pre_fau“: currentsPARTIALLY DEMAGNETIZED REGIONS OF ALLMAGNETS UNDERVARIOUS
FAULT CONDITIONS

even with the currents in the healthy 3-phase under faults F10
& F12 are not affected. This is because of the mutual magnetic

coupling between the faulty phases and the heathy phases in the

3-phase reversal faults. Further the post-fault currents to

generate the peak torque after faults F7 to F10 are closer to the

maximum 6- phase short circuit current for a healthy machine

at 150C. Thus, if adequate post fault de-rating is not applied

further demagnetization is likely to take place when magnet

temperature is above 1% It should also be noted from Table

V that the fault currents associated with F11 and F12 at high

speeds are much lower than those at the based speed. This i

because in high speeds the machine exhibits high impedance

which helps reduce the fault current and hence the severity of

demagnetization. The extent of partial demagnetization not

only depends on the maximum-axis current, but also on time

duration for which the magnets are exposed to it. This is
because a longer duration makes more area of the magne
exposed to higher demagnetizing currents. For example, the
maximum d-axis current in voltage reversal fault (F12) is
marginally lower than that in short circuit fault (F2), but
produces a more partially demagnetized areas. This is evider
from the comparison of locus of the d- and g- axis currents for
faults F2 and E2 asshown in the Fig.9. It is also worth noting
from Fig.8 that the percentage increase of current in generating
the torque at the rated conditions is lower than that at the pea
load conditions. This can be accounted by the combined effec
of reduction in the magnet torque due to lower remanence as
result of partial demagnetization and the reduction in the
reluctance torque due to increased saturation.

F7 F8 F9 F10 F11 F12
M1Py -0.52 | -0.58 | -0.55| -0.33 | 0.13 0.15
M1P, -0.88 | -0.62 | -0.35| -0.42 | 0.10 0.11
M,Py -0.53 | -1.13 | -0.63 [ -0.57 | 0.15 0.16
M5P, -0.62 | -0.61| -0.83 | -0.61 | 0.16 0.16
M1P; -0.91 | -0.96 | -0.53 [ -0.80 | 0.08 0.12
M5Ps -1.01 | -0.98 | -1.91 | -0.76 | 0.09 0.11
M 1P, -0.49 | -054 | -0.82 | -1.77 | 0.12 0.13
M5P, -0.63 | -0.52 | -0.90 | -0.79 | 0.14 0.15
M1Ps -1.17 | -1.01 | -0.99 [ -0.69 [ 0.16 0.17
M5Ps -0.91 | -1.00 | -0.56 | -0.79 | 0.15 0.17
M1Ps -0.67 | -0.68 | -0.38 [ -0.50 [ 0.13 0.13
M5Ps -0.85 | -0.93 | -0.17 | -0.09 | 0.10 0.09
M1P; -0.73 | -0.75] -0.29 | -0.67 | 0.14 0.17
M,P; -0.97 | -0.96 | -0.26 [ -0.51 [ 0.12 0.17
M1Psg -1.31 | -1.55 | -0.65 [ -0.43 | 0.06 0.07
MPg -1.10 | -1.09 | -0.54 | -0.41 | 0.08 0.09
105 250
219 241.72 ® Rated Torque © Peak Torque 546
g 100 98.76 230 = 250 _2'
§ 95 s 21 Prefault current at 220 g
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Fig. 8. Comparison of post fault current when magnetemtees at 150°C for

TABLE V

COMPARISON OFPEAK CURRENTHA): FAULTS F7TOF12

Fault Maximum Maximum Corresponding
phase current d-axis current  g-axis current <
F7 1745 -1323 -691 H
F8 1612 1372 -489 S
F9 1415 -1473 -487 i
F10 1272 -1380 -361
F11 251 -228 8
F12 245 -231 12
TABLE VI
POSTDEMAGNETIZATION ASSESSMENTFAULTS F7TO F12 Fig.9
Fault % Reduction in Back EMF % reduction in Torque
Rated Peak
F7 34.53t0 37.18 18.48 21.14
F8 31.04 to 40.49 19.27 22.05
F9 20.87 to 38.23 15.43 17.28
F10 20.34 to 37.32 14.77 17.01
F11 4.01t05.12 2.11 3.21
F12 5.67 t0 6.29 3.94 4.61
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IV. EXPERIMENTAL VALIDATION

A Experimental Testing Leading to Partial Demagnetization

In order to validate the foregoing analysis of partial
irreversible demagnetization, tests have been performed on the
prototype IPM machineThe schematic of the inverter control
system having independent control for both set of three phase
system and also the experimental set up is explainnl(



was operated at reduced dc link voltage (250V) compared game experiment sequence shown in thelBig repeated in
rated value (320V) and the testing was continued beyond REA with continues demagnetization model enabled, supplied
maximum operating speed (8600 r/min for 250V) with a torque&ith demagnetization curve for the magnetic material at@90
demand of 28m so that the required current is deliberatelyAt a speed of 10750 r/min, phase D-E-F was carrying current
increased under the deep flux weakening conditions. Whelose to 48A peak, while 52A peak current was flowing in phase
dynamometer speed was increased from 10500 r/min to 1076®-C. A sudden voltage reversal is applied for 0.1ms allowing
r/min, the motor was running under control for about 30the transients to flow in A-B-C system. It is observed that the
followed by one set of 3-phase systefA-B-C) losing peak transient current is close to 185A in phase-A as obtained
synchronization with the voltage vector being opposite to tHeom the drive system simulations discussed previously. The
back-EMF, leading to much higher currents. The torqueest of the experimentis repeated as in thelBigut at reduced
armature currents, machine acceleration and speed captuigt scale as this part has not much to do with the partial
against time during the experiment is shown in the Fig.1@8emagnetization. Fig.11 shows the sequence at which phase
However, due to limited storage capacity, the data was recordrdrents are applied for the FE demagnetization model for
only for every 20ms, and therefore the peak surge in ABf@peating the experimental process.
current magnitude was not captured. When the frictional torque

L . TABLE VIII
of the machine is included, the electromagnetic torque before r_q i 1s or 0SSEVALUATION AND TEMPERATURE ESTIMATION
the fault transient is ~ 16 N-m.

DC link voltage 250V
- n | Torque produced 15.8 (N.m)
% sl ::; [l Line-line voltage (fundamental) 2378V
f :::}E Copper loss 597 W
z: o T [ i Iron loss- stator 528 W
i ol i _f Iron loss- rotor 280 W
" ,w Eddy current loss in magnets 57 W
i— 2 o000 Total rotor loss to be dissipated 337 W
; i Rotor back iron temperature 195.4°C
S Rotor magnet temperature 194.8°C
S50 3590 4 Rotor surface temperature 191.8°C
Fig. 10. Sequence of events duringnrh(g;:lcident digi@lemagnetization of Stator surface temperature 113.4°C
the prototype motor. Average winding temperature 116.5°C
B. Electromagnetic and Thermal Analysis of the Test
Condition. —~-Phase A —Phase B —=Phase C — Phase D —-Phase E —Phase F

250
Phasc A.B,C on fault

Since the_ rotor temperature_ was not Measurel - (peak cument < A Iape = TRAA,
electromagnetic and thermal analysis with the machine mod ool I LI D R i
calibrated by the measurement datahe rated and the peak ' |I i Region | PostFultoperation
! | :ox created E-;/uac = gg%ﬁ’ =
v Iorer E i

to measure |
—3

post fault 7

Back EMF |

conditions is used to estimate the rotor temperature. In de 100 «— ¢~ b —
field weakening operation, higher concentration of flux toward < s . i
the rotor and higher order harmonics penetrating deeply insi g
the rotor increase the rotor losses in fractional-slot PP~
machines. Losses analysis is carried out in FEA at 10750 r

with 16 N-m (measured torque at the time of experiment whi -100 maram~ — 73304,

losing synchronizationwhile operating at 250 V. The results so 7 Zosisa——— | | o284 ‘

from the loss evaluation and the thermal analysis are shown b e peak orthe cumeats splied o phast DLE.F

Table VIII. Itis seen that the rotor magnet temperature has go 0015 0002 00025 0003 0035 0004 00045 0.005  0.0055

up to 194.8C whichis almost 30°C higher than that would have Fig.11 Sequence of phase current’s applied /observed in demagnetization
been at 320 V DC link voltage. It is found that peak d- and g- model to replicate the experiment.

axis currents of the faulted A-B-C system has reached 179 post Demagnetization Performance Following the Loss of
and50A respectively during the time when the inverter losingynchronization.

synchronization.

0

Post the demagnetization, the back-EMF measurements were
C. Replicating the Experiment of Partial Demagnetization intaken to quantify the effect of demagnetization. It is observed
FE Using Continuous Demagnetization Model. that the back EMF of the motor is reduced by ~26% compared
It is clear from the above analysis that the magné® the measured value during healthy operation, confirming
temperature was close to 2@0and the peak transient currentdartial demagnetization of the rotor magnets. The comparison
in the ABC phases was close to 180A in the experiment. TRE the actual back EMF measured at 2800 r/min after the



demagnetization experiment and the FE simulation predictions V. CONCLUSION

fr_om the continuogs _demagnetization model is shown in the The partial demagnetization of an IPM machine with
Fig.12. The result indicates that the peak of the measured bggietional-slot per pole winding configuration has been
EMF has a variation of 19.25 to 28.52% while the Simulatior}gomprehensive|y assessed under worst Operating conditions
showing a variation of 15.1 to 27.0%. The comparison of thging the described method. It has been shown that although
average value of the measured torque before and after the pagiatially demagnetized areas are quite large under the worst
demagnetization with the simulated value after partighort-circuit conditions, the reduction of machine torque
demagnetization at rated dc link voltagshown in the Fig.13. capability is relatively small. Voltage reversal caused by
It is observed at 11000 r/min that the measured torque fssition sensor failure or controller failure leads to a far severe
reduced to 16.2 Nm from 19 Nm while the simulation shows fiemagnetization on the machine and the resultant
is reduced to an average value of 16.5 Nm. This validates #emagnetization current could be an order of magnitude greater
FE model for continuous demagnetization presented in tHgan the rated current. The demagnetized model is employed for
paper. It should be noted that the percentage of torque reductiégdicting post fault machine performance and the phase
is lower than that of the back EMF, since the torque produc&fTents required for given torque at any load conditions
by the PM field contributes to ~60% of the total torque. The ref@/lowing a fault condition that has led to partial

is the reluctance torque which is not affected by the partigpma_gnetlzapon. This helps in making more rellaple and robgst
demagnetization. Hence the machine can be operated furt chine against all potential fault scenarios, during the design

with a reduced rated toque capacity by about 17% whidh'as€: and also to quantify derating of the machine for

L Subsequent usage to prevent any further partial demagnetization
corresponds to 28% reduction in the magnet torque becausQN ?Ie qin opera?ion pThe asseyssment ptechnique gas been

A

partial demagnetization. The derating of the machine lidat
necessary in order to prevent overheating and hence potenti
further demagnetization.

ed by demagnetization experiments on a prototype
%'é(chine, and is applicable to any PM machines.
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