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According to magnetic field superposition principle and characteristic of square wave series, back-EMF of permanent
magnet synchronous motor (PMSM) under demagnetization fault condition is decomposed into health component and
demagnetization fault component. A operation of mathematical model of single slot and single phase no-load back-
EMF, when demagnetization fault of different degree occurred in any magnetic body, any single pole and any multiple
pole, is presented. The back-EMF mathematical model and the finite element simulation model results for 42 kW -
PMSM, which has 8 poles and V-shaped permanent magnet rotor structure are compared, that allowed to verify the
mathematical model. The results show that the back-EMF waveform of the slot winding can reflect the specific position
and the severity of the demagnetization poles. The single phase back-EMF waveform can reflect only demagnetization
conditions of all poles, but can not identify the specific position of the demagnetization poles. References 9, figures 5.
Key words: PMSM; demagnetization fault; back-EMF; mathematical model; simulation model.

I. Introduction. PMSM has the characteristics of compact structure, small volume, light weight,
high efficiency, high torque, high power density, high reliability, low noise and so on. It has the best
comprehensive index of electric vehicle (EV) drive motor, which is very suitable for EV drive field [1, 3—-5].
The drive motor is an important part of EV whose reliability can directly affect not only the vehicle
performance, and even endanger the safety of human life. The electromagnetic, thermal and mechanical
stress [2] under the harsh working environment or complication operating conditions induces
demagnetization of the PMSM permanent magnet. Once the permanent magnet has irreversible
demagnetization, the PMSM performance is deteriorated and evenly may be out of control and out of
survives [6, 8—9]. Therefore, PMSM’s application has been greatly limited in harsh environment and high
reliability requirement.

At present, there are many researches that have studied the demagnetization fault influence of the

PMSM performance and demagnetization fault diagnosis method, and most of which focus on permanent
magnet demagnetization curve based on demagnetization fault model [7], but the research on the
mathematical model of PMSM demagnetization fault is less. The mathematical model of the single slot back-
EMF under no-load conditions of the surface PMSM is given in [3]. In this paper, a 42 kW PMSM is studied.
The mathematical model of the no-load back-EMF is developed, and the finite element model (FEM) is built
to simulate the demagnetization fault. At last, the validity of the model is verified by comparison the results
of mathematical model and FEM model.
' PMSM partial demagnetization model. In order to analyze the
mathematical model of PMSM, an EV drive motor is studied. The number of
the PMSM poles is 8, the distribution of magnets is built-in V-shaped, the
stator structure is double-layer with 48 slots, the number of parallel branches
are 8, all which makes the winding electromotive force closer to sine wave; its
main performance parameters are that the rated power is 42 kW, the rated
speed of 3000r/min, the rated input voltage 375 V provided by the inverter and
the control model is direct torque control. The complete finite element analysis
model using Ansoft/Maxwell software is established as is shown in Fig. 1.

For convenience of analysis the PMSM poles are numbered. A-phase
winding is numbered according to counterclockwise direction as shown in
Fig. 2. Fig. 2 shows that the direction of the coil current is specified, the
inflow is positive, and the outflow is negative. All the upper lines of the PMSM are connected together, all

Fig. 1
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the lower lines of the PMSM are also connected together, then A, B, C three-phase end are connected by the
Y connection structure. The solid lines represent the upper coil side, the dotted lines represent the lower coil
side, and the arrows represent flows.
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Fig. 2

Theoretical basis of PMSM partial demagnetization mathematic model. The PMSM simulation
method is applied on pole 1 in three ways which are normal, 25% demagnetization and 50% demagnetization
of the PMSM. The slot winding back-EMF under no-load operation is studied and it is shown in Fig. 3. Fig.3
shows that when the fault pole 1 moves over Al slot, the amplitude of slot winding back-EMF is reduced,
and the magnitude of the reduction is increased with the increase of the fault severity. When the healthy pole

moves over Al slot, the back-EMF waveform and amplitude are not changed.
In order to simplify analysis, no-load back-EMF harmonics are ignored, only single slot back-EMF
50 E—— T T T T T T fundamental component is considered.
40 fopeee- e joeeeeene e LR oo ARTRCORLS . The no-load single slot back-EMF
so || WAL 227 dermagitigglien ¢ T /8 I AT instantaneous value can be get at the

LYo 50% demagnetizatign ' ' ' ' .

; ' ’ ’ ' ' ' Lo rated speed marked with the symbol e, .
_ On the basis of the FEM simulation
analysis, in Fig. 3 pole 1 occurs 25%
demagnetization fault, when the pole 1
moves over Al slot, the slot winding
back-EMF amplitude decreases and
i waveform changes, and it can be
S| ———————— --------- ------- e bl --------- - regarded as normalized sine wave
50 i i i i ' i i i e (t)/ E; minus y(t) wave results (Fig.
Time (ms) i ' 4). The slot winding back-EMF
Fig.3 fundamental amplitude under no-load
et/ E, operation is expressed as the symbol £, , the demagnetization fault effect
w0 on slot winding back-EMF is expressed as the symbol »(¢) . The

A (it | demagnetization fault position is simulated by the square wave x(f) .
\ 7\ [ | "  Based on this, the Al slot back-EMF fundamental waveform under the
s [T, , pole 1 demagnetization fault condition is shown in Fig. 4, in which the
¥ R / back-EMF waveform is normalized.
ARV VY. In Fig 4, x(t) is Al slot corresponding square wave under
Fig. 4 pole 1 occurred demagnetization fault. The amplitude of the square
wave is 1 when pole 1 moves over Al slot, and the amplitude of the
square wave is zero when the other poles move over it. Fourier series of square wave can be expressed as
follows

Single slot winding back-EMF ()

1 &2 . nm 2nzfet  nrx
X(t)=—+ ) —sin—-cos( -—), 1
2p HZ:; nr  2p P 2p 6]
where p is the pole numbers of PMSM; f, is the rated frequency of PMSM; T is the mechanical period of

the motor; T, is the induction period of the motor. In Fig. 4, ¥(¢) is product of K, sine fundamental wave

and square wave X(¢), when pole 1 moves over Al slot, the no-load back-EMF fundamental waveform
amplitude is reduced by K, so ¥(f) can be expressed as follows.
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. . 1 &2 . nrx 2nxfet nrw
y(t) =Ky sin(27 fet)s —+ Z—sm—cos[ -——]r=
2p gnr 2p p 2p

K, - nrz @)
=——-sin(27 fet)+ K ; s1n—cos[27zfet(1 + —) F—1,
2p / E} 2p P 2p

where K| is the percentage of the magnetic density’s reduction of the original value after pole 1 temperature
recovery, namely pole 1 demagnetization fault level, and 0 < K, <1.

The above mentioned analysis shows that slot winding fundamental back-EMF at normal steady-
state no-load operation minus the demagnetization fault corresponds to wave y(¢) , namely the slot winding
no-load back-EMF under demagnetization fault state. Therefore, when the j pole demagnetization fault
occurred, the A1 slot back-EMF mathematical model under no-load condition can be expressed as

e, () Es =sin(2z f,1) = y(0), (3)
where Eg is the fundamental value of the slot winding back-EMF under no-load operation, written as
Es=27f,N¢ ; N is the number of the slot windings; ¢, is the main flux of the fundamental wave under no-

load condition.
Slot winding back-EMF mathematical model under any single magnet demagnetization.

A. The j, magnetic body of the ] pole demagnetization fault.
Where j, and j, respectively represent the first and the second magnetic body of the J pole, if the

J; demagnetization, the waveforms is shown in Fig. 4. Fig. 4 shows that the j, magnetic body
-1 2j
2f, 7 4.

corresponding square-wave internal is [ ] and the Fourier series of the corresponding square

wave signals can be represented as (4)
nrx 2nz fet (4] =3)nm

xl(t)——p+;ﬁsm 4pc s[ » 1 1. 4)

yI(t) is product of K , sine fundamental wave and square wave XxI(¢) . On the basis of previous

theoretical analysis, the mathematical model of y1(¢) is established and can be expressed as follows

V() = K, sin(2r fit) |- + Z—Sln LA G ) A1 O
! 4p n=1 N7 4p p 4p
K,
=——LsinQrfir)+ K, 2—51n—c05[27;ft(1+ )—(41 3)nx
4p n=1 NTT 4p 4p
In the same way, the mathematical model of no-load Al slot winding back-EMF under the j,

magnetic body demagnetization can be expressed as follows

)
.

K. o
el ()= Eo = sinC )~ EK S sin T sind a1 25 CLT ©)

The Fourier series of the al slot which is adjacent to the A1 slot corresponding square wave signals
can be expressed as follows

1 = 2
x1(f)=—+ ) —sin
® 4p ,,Z:I:niz

nrw 2nr fet (4] —3)nx +4na)
—cos| - 1. 7
4p p 4p M

The mathematical model of adjacent slot al back-EMF under the magnetic body j, demagnetization
fault can be expressed as follows

K_ 0
el (1)=E( —4—;) sin(27£.)— E,K 2 nlﬂ sm—x [sin 27 fir(1 £ ) —(4/3)++4”“] (8)

B. The j, magnetic body of the ] pole demagnetization fault

Fig. 4 shows that the j, magnetic body corresponding square-wave internal is [ ] and the

-1
f ’2f

Fourier series of the corresponding square wave signals can be expressed as follows
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1 &2 . nrm 2nrfet (4j—Dnrx
2(t)=—+ ) —sin— - .
x2(¢) 1 ; — sin 1 cos[ » 1 ] 9)
In the same way, the mathematical model of A1 slot and the adjacent al slot winding no-load back-

EMF under the j, magnetic body demagnetization condition can be expressed as follows

e2X’Al(t):ES(1— )s1n(27rft) EKIZZ—sm—sm[27rft(l+ )_M

Dz +4na) (11)
4p

Slot winding back-EMF mathematical model under demagnetization of any single pole or
multiple ones.

A. Slot winding back-EMF mathematical model under any single pole demagnetization.

Any single pole demagnetization, which is both j, and j, magnetic body of the j pole occurred
demagnetization fault. According to (3), (6) and (10), the no-load back-EMF mathematical model of the Al
slot winding can be expressed as follows

K . 00
€2,.u(t) = Es(1=—2) sin(27zfez)—ESKﬂZ sin 22 sin[27 fut(1+ 1) F @/- ]
, 4p n=1 N7T 4p P

e, J()=el, ,()+e2, \(t)-Essinzf1). (12)
After subotitution (6) and (11) into (12), and it can be simplified as follows
K,
e, ()= Es(1- K SR sinQ2r f) - E, Z {Kﬂ sinz—”x
p

4j -z } (13)
=LA
4p

xsin[27 fit(1£2) ;M
p 4p

1+ K, Sil’lﬂsil’l[Zﬂ'ﬁt(l + 1) ¥
4p p

If K, =K, =K, thatis j, and j, magnetic bodies are in the same degree of demagnetization fault,
then formula (13) can be expressed as follows

K, . =01 . _nm(2j-1
e, 1(0) = Es(1—-—L)sinQr 1)~ EK, S —sin—sin[27 f(1+ ) F nx(2j=1)
h S 2p mnT o 2p p 2

1 (14)

So the mathematical model of the slot winding back-EMF is obtained under any single pole
demagnetization at any position.

B. Slot winding back-EMF mathematical model under any multiple poles demagnetization.

In the above two sections, the no-load back-EMF mathematical model under any single pole
demagnetization have been obtained. Because the no-load back-EMF of the Al slot and al slot windings
satisfy the linear superposition principle, so the no-load back-EMF mathematical model of the A1 slot and al
slot windings under any multiple poles demagnetization fault conditions can be expressed as follows

> 15
e sI, Al z_) Sln(27l'f[) ESZ—Sln— ZK Sln[27z-ft(1+_)+ }’lﬂ'zj 1] ( )
A :1 n=1 N7T
¢ ZZ: ’)sm(Z;zft a)-E Z smﬂx
sl, al ‘.:1 s - 2p
2nrj—n(z—20) (16)

x ) K, sin[27 fa(1+ )+
fz; 2p
where [ =, 1, 15,); 0K, <1; if [, =1, then K; =0 and 7, =0,
Single phase back-EMF mathematical model under any multiple poles demagnetization.
In order to analyze the mathematical model of the single phase back-EMF, the slot windings of A
phase is divided into two groups, and the current direction of A phase is marked with "+" and "-", 16 slots
are recorded as a group, such as Al11+ and All-,... , A24+, A24-, 16 slots are recorded as the other group,

- a])

such as all+, all-, ..., a24+, a24-, and the electrical angle between the inflow current slot and the
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corresponding outflow current slot is 77 in each group. The A1 slot back-EMF and al slot back-EMF can be
expressed as (17) and (18) respectively

2p

€ ()= (D" EG(1 Z—)sm 27 ft =2 (m =)= (-1 By S ——sin 2 x

. ‘a2 o o T 2p (17)
sin2z fu(1+ 5 F G20 a2y,
Z J[sin 27 fut( ) 2, FmDE]
exlwal(t)z(—l)’”IES(I—i—)sm(%rft zm-1)—a)- (I)MIES;;SIIlix
2nrj—n(mr—-2a) (18)

xil{].[sinZﬂfd(li—)? —a—ﬂ(m—l)(li—)],
= p p

2p
where m=1, 2,...2p .

The calculation methods of the single slot winding back-EMF with demagnetization are same, but
the single phase back-EMF is related with the connection method of the slot winding. Fig. 2 shows that the
two adjacent slot windings belong to one pole and they are connected in series, and the slot windings of
different poles are connected in parallel. Therefore, A phase winding back-EMF under any multiple poles
demagnetization condition equals to the sum of the two adjacent slot windings back-EMF of any same pole
can be expressed

2
eA[ (t) = Ze.\‘l,Am_'_esI,am' (19)
m=1

The formulas (17) and (18) are substituted into the (19), and the summation order is changed, so the
(19) can be expressed as follows

2p

e, (t)=E.( Z—)( n" ‘z sin[27 /.t — w(m—=1)]+sin[27 f,t = r(m—1) -]} -

l m=1

—E (-1 lz—sm—ZK Z{s1n[27z fras L ):L(zf 21)"” (20)
Jj=1 m=1 p

2nmj—n(m— 2a)

—a(m-1)(1= D) +sin[27 fir(1 £ D) F
p p 2p

—a—n(m —1)(1i1)]}.
p

The sum of the first item in the formula (20) is proved as:

K
e, (t)=2E,(1- Z—p) sin 2z f.t +sin(2z f.t — ax). (21)
j 12

The comparison no-load back-EMF mathematical model of Al slot, al slot and A phase windings
shows that the electric potential of the slot winding is changed when demagnetization fault occurred, and the
fault specific location can be reflected, that is the amplitude peaks or troughs correspond to the
demagnetization pole, and the serious demagnetization of pole can be reflected by the extent of its amplitude
decreases; The fundamental component of single phase back-EMF amplitude decreases with any single pole
or any multiple poles demagnetization fault and reflects of whole demagnetization severity.

Comparison mathematical model computation with simulation model computation results.

In order to verify the back-EMF mathematical model of the PMSM demagnetization fault, the
mathematical model of the Al slot winding back-EMF under pole 1 and 2 respectively at 25% and 50%
demagnetization is compared with the FEM simulation results, as it is shown in Fig. 5, a. When at the
PMSM poles 1 and 2 of electric vehicles respectively occurred 25% and 50%, demagnetization, the
simulation results of A-phase back-EMF of and mathematical model of calculation results are shown in Fig.
5,b.

It can be seen from Fig. 5, b the A phase has no obvious change in the electric potential and the peak
value is decreased. The waveform of single phase back-EMF can not reflect the specific position of the
demagnetization pole and can reflect only the total demagnetization effect. The results of the single phase
back-EMF mathematical model are basically consistent with the results of FEM simulation, which verifies
the validity of the mathematical model.
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Conclusions.

The demagnetization fault
for EV PMSM is studied in the
paper, the mathematical model of
the single slot and the single phase
no-load back-EMF is developed for
any single magnet and pole, as well
as any two adjacent magnets and any
multiple poles with different degree
of demagnetization. The model has
nothing to do with the rotor magnet
structure. The FEM simulation is
carried  out  to  verify  the
mathematical model. When the pole
demagnetization fault occurs, the
following conclusions can be made:

— the single slot winding
back EMF waveform changes, the
decrease wave peak or trough can e LT ; i ; ol i
reflect demagnetization pole 1 2 1 5 8 T T
location, and the value of amplitude Time (ms)
decrease can reflect the severity of
demagnetization fault.

— the single phase back-

EMF waveform can’t reflect the
specific position of the demagnetization pole, and its fundamental component amplitude is also reduced, but
can reflect only the demagnetization severity of all permanent magnets.

Single slot winding back-EMF {pu)

T T T T
riormal mathematidal model:
! ! IO oA e ult mathematical:model :

1 . : . %3 g rht fault simydation mddel .. P |

Single phase back-EMF (pu)
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MATEMATHYECKOI MOJEJN, OCHOBAHHOM HA TIPMHIIAIIE CYNEPIIO3UIUHN MOJIEN
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B coomeemcmeuu ¢ npunyunom cynepnosuyuu MAaHUMHO20 NOASL U XAPAKMEPUCIUKAMU CEPULL NPIMOY2OTbHbIX
CUSHANI08 NPOMUBOOCUCMEYIOWas IIEKMPOOGUIICYUAsT CULA CUHXPOHHO2O O8U2ameisi ¢ NOCMOSHHbIMU MACHUMAMU
(CIIIM) 6 cocmosinuu 3¢pghexma pazmacHuuu8anusi packiaobleaemcsi Ha pabouuil KOMNOHEHM U KOMINOHeHm dQhpexma
pasmaznuuusanus. B cmamove npedcmaeniena mamemamuieckas Mooeib 0OHONA3060U U 0OHOPAZHOU NPOMUBoOeti-
cmeyroujell dINeKmpoosudcyweti cuivl be3 Hazpy3Ku, Ko20a npu 11060M MASHUMHOM mene, TI000M RONI0Cce U HECKOIb-
KUX nomocax 6o3uuxaem s¢ghgpexm pazmacnuuueanusi. B cmamve conocmagienvl pe3yibmamsl MamemMamuyeckot Mo-
denu npomusooeticmayioweil snexmpoosudcywen cunvt CJJIIM mowrnocmoio 42 kBm, komoputii umeem 8 nomocog u V-
00pasnyio popmy ROCMOSHHLIX MASHUMOS, C Pe3VIbMamamit UMUMAYUOHHO20 MOOETUPOBAHUS MEMOOOM KOHEUHbIX
INEMEHMO8, YMO NO360JUI0 NOOMEEPOUNMb MAMEMAMUYecKylo modenv. Pezyiomamul noxasviearom, umo ¢gopma cue-
HAA NPOMUEOOElCmEYIOWell INEKMPOOSUNICYIEN CUTbL RA3060L YACIU 0OOMOMKU MOICEm OMpPadiCcams Onpedeiénnoe
NOL0JICEHUEe NONIOCO8 pasmazhuyueanus. Dopma cueHaia 00HOPaA3HO NPOMUBOOEUCMEYIoulel HIeKMpPoOsUNCyulell Ci-
JIbl MOJICEM OMPAdICAMb MOALKO YCI06USL PAZMASHUMUBAHUSL 6CEX NOIOCO8, HO He MOJCem Onpeoesisimb KOHKPENHOe
nOJI0JICeHUe NOMOCO8 pasmazhudusanus. buodm. 9, puc. 5.
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Bionogiono oo npunyuny cynepnosuyii MasHim1o2o noas i Xapakmepucmux cepiil NpAMOKYMHUX CUSHATI8 npomuditnyd
eeKMPOPYWINHG CUNA CUHXPOHHO20 08ucyHa 3 nocmiinumu maevimamu (CHIIM) y cmani epexmy posmachivysanms
PO3KAA0AEMBCS HA pOOOUULI KOMNOHEHM | KOMNOHEHM epexmy po3macHiyyeants. Y cmammi npedcmasieHo mamema-
MUYHY MoOelb 00HONA30601 MA 0OHOPA3HOT NPOMUIIIOUOT eleKMPOPYWIUHOL culu 6e3 HABAHMAICEeHHS, KOIU npu OYOb-
AKOMY MAZHIMHOMY Mii, 0Y0b-AKOMY O0OHOMY a00 Npu OeKiIbKOX NONCAX SUHUKAE e@eKm DO3MACHIYYeanHs. Y
cmammi CniecmaeieHo pe3yibmamu Mamemamuynol mooeni npomudirouoi enexkmpopyuitunoi cunu CHIIM nomyoc-
uicmio 42 xkBm, axuu mae 8 nonocié ma V-nodiony gopmy ROCMIiHUX MacHimis, 3 pe3yiomamamu mooeni 0.
iMIMayitiHo20 MOOeN0BAHHS MEMOOOM KIHYesUX eleMeHmis, Wo 003601110 nepesipumu i Niomeepoumu Mamemamuymy
MmoOdenv. Pesynemamu nokasyrome, wo gopma cuenanry npomuoitouoi ereKmpopyulitiHoi cuiu nazoeoi 4acmutu 06-
MOMKU MOXHCe 8i000paxicamu negHe NoI0NHCeHHs NoaCie pozmazHivyeanns. @opma cuenany oonogaszuoi npomudirouoi
eeKMpOPYWIUHOI cunu Modce 8idobpasxcamu MinbKu YMOBU PO3IMASHIYYBAHHA BCIX NONIOCIB, npome He Modice
BUBHAYAMU KOHKPENHe NOONCEHHs NOIocie posmazHivysanns. biom. 9, puc. 5.

Kniouosi cnosa: CAIIM (CHHXpOHHMH ABUT'YH 3 MOCTIMHUM MarHiTom); 30iii po3MarHidyBaHHs; NPOTU/IIOYA EIEKTPO-
pylIiiiHa cuiia; MaTeMaTHYHa MOJEJb; MO JJIS IMITalliifHOTO MOJIETFOBaHHS.
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