2004 cistEoiets) shAlstans =8 2004.7.14-16
EHN EAS 4% kARKA BAN AE
aYe 2~ BRHES BERH
FGR°, AT, AR WY E T F R
gdea”, A sy, A4dga™
Characteristic Analysis of Permanent MagnetAssisted Synchronous
Reluctance Motorfor High Power Application

Young~Jin Jang®, Sang-Gil Kim™, Heung~Kyo Shin™*, Seong~June Park”, Jung-Ho Lee’
Hanbat National University’, Daejeon Polytechnic College™, GyeongSang National University™"

Abstract - In this paper, finite element analysis for a
PMASynRM is presented and the characteristic analysis of
inductance and torque is performed under the effect of
saturation. The focus of this paper is characteristic analysis of d
and g-axis inductances and torque according to magnetizing
quantity of interior permanent magnet for PMASynRM. The d
and g-axis current component ratios, load angles of a
PMASYnRM are investigated quantitatively on the basis of the
proposed analysis method and the experimental test.
Comparisons are given with output characteristic curves of
normal SynRM and those according to the load in PMASynRM,
respectively. And it is confirmed that the proposed model results
in high output power performance.

LN 2
$7] gdda FEAUSynRME AR d33 q
2o AYBA ALe-Ly)% HLJL)E 2A Fo2A
casXon} g A AUND % UL s @
% &3 ofgoin

£ =& eaUEY 95g JHas] M o7
AN AZE gF A5 vio Yoz g Jizt
A oy 57 dHHEA AEIE QLo R
ﬁgg ofgate] E3te] FF¥L nAY EHENS 9

ArAA gy 7] dAEL AEY f@LLd
Moff ol AHHL B4 8l Eag4g F42 Zztd
27 ASYE FIT ~ 04T)ol whed S=33fdcl,

£ =Fe Fdogr PMASynRM) Agd 97z
ﬁﬂl A3t WE d, oF AYE2 Y SAH4EYo

TMS320C31 DSPE o] &8+, B3lc} o2 B4 24
2 3 st FHEALL vl ST,

2. PMASynRM¢ol 2% de
2.2.1 PMASynRM®] 93]

3¢ & PMASynRMS| sidxt 9d$ Rozg, 4
dejel 4 AF7[(SynRM)E 7] Brh H & HEdA
gt ojg g FAE #Asty] YA A oF A% 4
geos 97 AME A &Y. of2¢ PMASynRM

A Adge € B3 EE€4E O95F 24

«H

231 PMASYnRMS) 14X Fx

2 A% A2 FAAE YdPe o, dF Y g5
i ztzt 2 (1), A 2y 2o} 3}

A, =L, 8))

;Lq = Lviq + 3'»'«(xv-'\ (2)

)M, Lest L= A% 423 ¢& Q=™zon,
Ly#L o\t B8 EAE 4 (337 g gdEH.

3 i j
T;w = E!i)_{(L, -1L, }qld + /1’"9("")"’] 3

4 @I 8% 3%° PMASynRMS| 3
T odd TAY & L4 Tk =, 4 3999

e
e
f

L7 +

40 11,9 gol AR HY £E38 AL &

9%} & qrAe T4 gk A% WFH ME w)

g 7Hgsta, 4 3y EFE oA 29 dL5 g
Ty =3 E Ly = Ly = A w

3, 4 Q254E 0% AL R d9dae oley
L2 Qe ol&F Yrh o] B
£oll, uid A& 9j3) Hole :
a¥ 2% g% A5 g H&f%%}?l A F7AH
= iy

o) WL WG HoA=E Vehdn.
4 g-axis
I, 4 I,
1, / .
Aq F 3 Af
A, A
45" _ d-axis
I, A,=4
4
;LM(P»-)
2% 2 PMASynRMS} A% sfolAx
2.2 PMASynRM ] 2D-FEM Modeling
Hoafo] AL chEa Foh
VxH=J, (5)
V<§=0 6)
§=1/UO'FI+A}PM 7

el T Ast 57 A48 A% Jom g Do 29
RRH.

B=Vx4 (®)

- 914 -



jPMm =V, (Vix M ) (9)
HO-GZ¥H A BN Ko,

vo(VxVx.:i)=.70 T ot

(10)
2.3 System matrix
AlaE dHEHAMS clsat 2ol &5 Aot
[KOUAN+{FOY+{ME)y} =0 (11)
. v,'¢/
a7, K = IZ_(;).(c,.ecj, +did;,)
F =g M
! e

My = Uom( MEd, + M;:A)fycle)
q“?‘a}"‘i, 44 mde 4(12)s% 22 PHEA 3EE
[KH{A}+{F}+{Mpy } =0

23 33 A% 4x9 AYHd =

(12}

ofl &

N

N

fla]

2 A
2
du Jn
gil)"

oot

8]

o

o
=
B

nt‘ﬂ_:
™
e
N,
Q0
idue g
w
£
e
X
&
o

< 5 Asd
E B¥EE HAFT Utk TYGA BHE ukel gol
AYe ALPrFd] me gF9 TF ASUEI Fof
e A 277 A9 J¥”6E 7]7)9 T A w
€ d q% YdHEx E4E HAET, HAA dHS 7t
%S % PMASynRM®| %3+ 53| A=z
Holu 3AA AREAX Rol yeidn, oj2ig 3
T dF LR )
PMASynRM .

Angle {degree)

293 qF AF3AAA T F AE A = F X (Radial)

0.000 ]
-0.001
w010 ]
-o.018 ]
-0.020
-o.01s

Radial flux density (T]

-8.038

-0.040

-a.043

o 20 ) " s0
Angle [degree]

2P4.PMOATAZA 33 A4 4 & ¥ X (Radial)

—o—PM =017 [q-1A
e e PM =0 2T Fqe34
—e—PM =0T lq~)A
——— PM =0 1T lq-44A

Radinl flux deasity (T)

e “ e 20 3] as A 3 e i ve
Angle {degree)

1Y5PMO0.4T,d% A F3AA7HA 33 A 42 = ¥ ¥ (Radial)

_1%} 6o 4, R%o] PMASynRMY d& ldeir:= %
slo] o8 Fo|E wHe], g% JUUAE ATFANY
vy weFo B AU ENE EUSS B T o]
oz XN AF AP 04T Helo|= JFAHe 7
F aF JYEXsL 002 Y JE &5 Yo ¥
T8 M dEHx Ao} dle] Was A8W Eag 2
7} NLE Yee AT EF, A4 AR} nezs
vho} go] B39 g F4L $iaf 04T HedolE 24

Feas HHA Eaz didg gHAYOR A
CER, " TN AY A4 gFo] meld
£ A& 7HA 3, B35S OA 29

i)

1.7 o

v o '/:’)\n:

60 o
s 4
sod 0 o
= 48]
)
8 o
Rl NN
g wdo o N
S a5 o —G—Li(FH-0.3} —O— LatPM=# 3}
a . LU PM-0.4) —O Ly(PM=0.4)
& 20 ~ ey
L3 —9. -—e.
7 15 - P~ A0,
- s Gt
wd . e
N G At b
- - oy
ol i e

Current {A}
296 AF9 WE SynRM(0.0T)5} PMASynRM
(0.1T-04T)9] d%, % AdHA

P IR

o]

i ]
: /s [ —e—tatgpM-0.) |+ ¢ 1
L S e |

— e Ld-Lq(PM=0.2)
«—O—1d-Lq(PM=0.1) N
—w—Ld-Lq(PM=0.9) || _

inductance differeat (Ld-Lq){mH

Current [A}

219 7 SynRM(0.0T)3 PMASynRM(0.1T~0.4T)¢}
DEE e

o} —@—LdiLa(PM=0.0T)
| ——Ldanq(PM=0.17)
— —Ld/Lq(PM=0.2T)
1 —o—Laq(PM=0.3T)
1 —*—Ld/a(PM=0.4T)

inductance ratio (Ld/Lq)

0.5 10 15 2.0 206 30 35 40 4.5 80 5.5 80 65 70 7.5 80 83 90
Current [A)
23 8 SynRM(0.0T)2} PMASynRM(0.1T-0.4T)9]
L EN |

’

3 ., sin2e
r=22(r,-1,)p. 020

— —Q=1.2[A] Torque=0 B3 [Nm] —3—~Q=5 {[A] Torque=i.34{Nm]

—O— Q"1.7[A) Torque=0.61[Nm) —@— Q=4 4|A] Torgue=1.11[Nm]
—=— Qa1.9[A] Torque=1.04[Nm)

=1 -Q-Q0, i
144 og’ @ \ @
- o . 2
g 134P o Ny .S e
12 4 & o B ‘% a, .t o
z e-a®ad N\ o i AN
1 . . %2 ey, P S .
3 / a5d o - - a e
3 10+ G-Qngla_u’q ' P diPad eI N Wl
Z 0ed : . AW . AN AN
° AN . %070
- oad .. s A . 2. \
- . o oo\ b’
L P - ﬁ\\ R S o A\ s
06 *0.e.0- o, o oo ; o~
05 3 - © <
o4 T T T T T —
-180 178 -170 185 -180 .188 150

- 915 -

Angle [degree]
23 9 Hstol @& SynRM9 FEA £3 54



—O—14=1.3[A] Torque
— —qe2.4(A] Targues
—a— 1q=3{A]  Tarque
—@— 19=.3(A) Tarque

=0 §[Nm} == iq=3.9{A} Torque~l }[Nm]
0.9{Na} — ——iq=4.5[A] Tarques! 3{Nmj
—w—1q=5.0{A] Torque~? 6[Nm}

=1.0fNm}
=1.1{Nm]

Torque [N m]

Angle [degree)
23 10 ¥3tof ot PMASynRM=el FEA £3 &4

ag 9, 10& e Y3 ’}}Eﬂql*igl SynRM 3}

Curcent en'ghe]

PMASynRM® FEAEZ S4& mojzth(drlM, 4%
AFE 26A). #7tA FEEAL YoM HX
PMASynRMe] SynRMES H2 dF2 A9 #2237
9 535"3" i°“4% Aol
i =28 . , 639’ *63.4
u.ﬂ"’,“."//- o °
u,l'/’ll/./ /05("”
50 H Q/.D’“' 329
¥ r,/ull' ) ‘ )
v enzl : --:::;y;:::y paint
—_—O—-FMASynRM
H : H “:“n-.‘.’” 3 e e .

a9 11 3000rpmeA M o] #3443 A &3

LETR

040
tinle
2 oas -] 0.44
0.4z 4

Q.40

°.38 4

0.8
@049 / TS g.492
0404 ®0.477

-0.48
0.45
®0.44

@0.43

*
@0.39

—a—SynRM

* :runsway point
— ~—PMASynRM

s
0.425

*
s 0.4

v 10 12
Load [N m]

14 18

249 12 3000rpmA M Sl gy

T2 20

#2.1 SynRM# PMASynRM2] FEA, $4(13)of <& viay
Table 2.1 Comparison of Torque By FEA and EQ.(13)

EA B3
23H{Nm] AHF[A] Ld-LqlmH] (FEA) (4]13)
[Nm] [Nm)
SynRM
061 406 344 0.83 0.81
0.82 463 36.1 1.04 1.03
1.02 5.06 373 1.13 1.23
1.22 5.68 38.1 1.34 1.46
PMASynRM

061 347 494 0.86 0.88
0.82 391 483 1.01 1.19
1.02 4.14 48.2 1.12 1.18
1.22 4,63 478 1.3 14
143 5.15 476 15 1.61
1.63 559 475 1.64 1.78
®2.1& SynRM 3’+ PMA nRM2] FF8 42240 2
@ e aua 3’(13>ou gu AN AHRE
v @ Y, SEZ.MIH 259150 5 AAe o]
Ao Bes 457 ok Ea, AGAre 2algio] vls
Sty @ NN 93 B3 gto) 20%E7 ¥
& 2571 Al oRe fas 4 L ANye

2 AMA] EHol 1t o =] W)

. I:lsmm
ij=25(A) -PMASynRM

5.61{A)

64[A

Phase Curreat {A]

Load [kg-Cm}
33 13 3000rpmoiM S} BF 54
ESynRM
id = 2.5, 3000rpm -PMASynkM

TRV T X SR TA TR

X o'
eax  LxeIx
7.1%

Efficteacy [%]

»
Lead |

29 14 3000rpr$_°l*|—4 S);nRM’? PMASynRM ¢}

10 7 1" 18

d 1M 2ol @& EA(RS) Felolrg
° PMASynRM.‘i'.E} 2 HAF7E dadn a4

&L
g U
=

243 e
diirie
o
f
2
-!N
NDF
a8
lo
ofy
N
ot
N
21
o
o
O
-i)
32

® dno  ronm

) 4o
°

M —
R
(5]
4
3
2
R4
nE
o
ot
e
o
4
N
o

PMASynRME qZ& 2% A4 wgoz JIx4e
AAYO2H oF dHWLe Fole FHE st
Ld-Lad% Ldlqg 27} A7led. old# Z7l= EaA

g% 988 /HN%E o =€ FAH.

£ =FdAM AL d7A4 oy Fr] dYPH2>
AE718 32y T 54 Auatilys Hdygg
T3 2 Ak ol @ EHIHE M3 olgsd
F3kd, 83 HAV S ¥ 5 oy, ol aEY
dE71€ go2 gt Fof e FEE =7 ¥
BLDC #&71¢8 ¥ &2 HYY Aoz Algdrt

[z & 4]

[1] V. B. Honsinger,."The inductances Ld and Lq of Reluctance
Machines,"IEEE Trans., PAS-90, (1), pp. 288-304, 1971

21 J H. Lee, ]J. C. Kim, D. S. Hyun, "Effect of Magnet on Ld
and Lg Inductance of Permanent Magnet  Assisted
Synchronous Reluctance Motor”, [EEE Transaction on
Magnetics, Vol. 35, No. 5, pp. 1199-1202, May 1999

3] J. H. Lee, "Efficiency Evaluations of Synchrous Reluctance
Motor Using Coupled FEM and Preisach Modeling”, IEEE
Transation on Magnectics, Vol. 39, NO. 5, pp 3271~3274,
September, 2003

[4] J. H Lee, "Design Solutions to Minimize Iron Core Loss in
Synchronous Reluctance Motor Using Preisach Model and
FEM" [EEE Transation on Magnetics, Vol. 38, No. 5, pp
3276~3278, Seotember, 2002.

[5} ]. H Lee, D. S. Hyun, "Hysteresis Analysis for Permanent
Magnet Assisted Synchronous Reluctance Motor by Coupled
FEM & Preisach Modelling”, IEEE Transaction on
Magnetics, Vol. 35, No. 5, pp. 1203-1206,May 1999

- 916 -



