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Cost Reduction Design in Single—phase Line-start Permanent Magnet Motor

EHE-BH OB -FART-H BT®EW WK FT
(Byeong-Hwa Lee + Hyuk Nam - Jeong-Jong Lee - Liang Fang - Jung-Pyo Hong - Seung-Hyung Ha)

Abstract - This paper deals with the cost reduction design of a single-phase line-start permanent magnet (LSPM)
motor. Due to high cost of the permanent magnet (PM), cost reduction can be effectively achieved by reducing PM
volume. Therefore, motor characteristics according to the PM volume are calculated by using d-q axis equivalent circuit
analysis, and the characteristic map is made. In the characteristic map, maximum torque and efficiency are shown
according to motor parameters such as back electromotive force (back emf) and inductances; back emf represents the PM
volume. Minimum back emf and inductances satisfying output performance are determined in the characteristic map.
Then, motor geometry based on the prototype motor is optimized to get the determined parameters using response
surface methodology (RSM) and finite element method (FEM). Through the presented cost reduction design, total PM
volume is reduced to 32% of prototype model.

Key Words : Cost reduction, Efficiency, Equivalent circuit, Maximum torque, LSPM motor.
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Fig. 1 Configuration of stator winding connection and rotor
of prototype Single-phase LSPM motor

2
»
o2
0z
o
ki
%
>

TAste] FrEER A Elt}. T
REZE HA G 98 miae" Eas) ddd
dYe s Bart paAx s woh

N
offt
£ O
i
_H,
Zi
L
>
£
Lo T
_>L
—u
ﬁ>j,
>
I oX oft HI

22 Haae SM 4
g

@4 HEY 57 ABIE a8 S
2AR DA @ AA= FEAGE g 29y 4
741~ BAYN I, Wb o7 N e 12
209 ERHY BRAFIZ nelste] AAHAT 4]

[61.

P =(Re(V}") - RE?

Py=(Re(V;}") - RI,

Pt =P — P

AZIM Vi Ve @ AR Q48 A L[F L AR
3 e R AR AR, R RxAME NFew @
FARe B @, P Py AR g2 29 P,

ofml WAHE AFEHA R B3 T e

el $E(w)7 Fgz 4 (¢ 2ol ZAHY, & -y
EZR T A (3)3 zrh
P,
1 2
e B
T=T+T,
23 03 =xE HE
M 279 w Gy FEH B2 AU E 45 A%
718 571 "B EAE AT (7). @4 {28 27
AF719 S7E2E 219 2a), (D3 2o vESA B
Je= 2% 20009 Z°] cage torque$t magnetic breaking

Trans. KIEE. Vol. 57, No. 12, DEC, 2008

-5, X, X,
I
RY
X + .
N T
03(1’5')'1’?4r X ., JE R
X rd
tmd 5
(@) @ =T 571 A5 ARE FUHE =2
I, R, W(lfé')'l’d, X |, Jan
r;.1_.' I N
V.- JXW+ R
2 -3
— } 5 T
T1d+ Rs o (l-s5)y X, X o
VR M e R
| 2 - =
(b B4 $E3 §7] 95719 448 578%

The average air-gap
resultant electromagnetic torque
=» Tm +Tave

Magnet braking torque

(¢) The average air-gap resultant electromagnetic torque

a3 2 e 72 I7| M8V SUtE =
Fig. 2 Equivalent circuit and the average air-gap resultant
electromagnetic torque of Single-phase LSPM motor
torque2 7t 4 T 9714 magnetic breaking
torques ATAA 9 AlE-FHo] FojFd wel HH e g
2k7] W] A7AA ALEEE A 75% 71E 5
€ o FepAA Hrth 42 oty 4 (@), B) 2ol
¥t 28] Air-gap resultant electromagnetlc torque
obflel & 2@l WEHHATE oA $l9 cage
torque®} magnetic breaking torque® {o & o] F o)At}

i B ox o
rBL r

P
7"((‘(},‘(]8)‘*’ = ? » Re [<¢q+)*_‘[d; (wd F) _q#j

P
{cage) — 5 * RE[(ﬂ}q,)*Id ‘(%—)*ﬁf]
71(11'_(] = ﬂ(uqe:) + ﬂmge)f
ﬂn [ﬁ 7/}11771 qm _,81/){1," dm}
A7 B ' FANEFAN/REZEN), v, Ve, s,
I 0 AR daF du A&7 AF

2209



BRBEANEE 578 125 2008%F 127

3. §4

=°.|_l
2
njo
(=]
o
o
Q

[@]

@
Rl
-]
nx
b

31 A zdeo| ¢

AE71e] AR AY L AL J)Sd AAHNY
prototype & 528 57 AFEVE aUE AMEEH o,
ZAu € F7Aae A A G4 =g FIEA
ALS-gTh @, AERA e g EAZ s g7 T

Ave ZAsA

32 AR ALBE AU MA

D-q% E7HE2E o]&£3% HEvE H3jo
9 Fg EBEA HYEIS} FLL E4
39 Yepidth 29 32 AE7e =4
B&tu 8 ¢l Back EMF, d-& 198~
sl we} prototype B FEFH F7)
3 992 et g7 A4 e ARsko] 7+
et 471 A E 3} magnetic torque’t g7 WE T &
I A EAE wEsE J9o] HAH FolEd [8]. wE

L=l A

=2 "

R
£r3i
1 ol

= ofl flo
L o o &

1 O R e Ty
=

.
i)

x =
o lo

o & % B oIl o N

[e) A

>,
ot
sl
o

B
i)

A H 7} E7hEoiXE Wege s HAV WPH or &
th &, 97X dqF dWELAE dE7Y F 31 Fid
AF Yzt 40009 e AFgE A

Adl EaE ol 4 (D7 Zth Y E3Z+E magnetic
torque(T») 9 reluctance torque(T,)8 Fo8 FAEH 9o
H 48 dH/F AT HAESHE ITRA ALS o
Zagd o 9% E3E Uy 93 FaFolxE
magnetic torque$t FT7FH I Aok 3 reluctance torqued]
A7l otg ¥ 4o UEdNTh " 49 AAE md
M1, M2, M3, M4 281 MHY GFAA AlgZLe
prototype ©A 523 E7] AEZIMS5 : 100%)E 7o =
st Aoz ZAAAY.

T= P, +(L,—L)ig)= T, +T,
A7|A Pp i 585, o, 0 TR AuAE, Lot Ly dqg
= A9El A 8§, d-qF AF

A Ede 39 39 (a), (0 283 (e)dA B

Xo] EFHL AT AE GU)dHe] FrlHASFE dF
ER= F aEAIRE AAE A 5 9th

tgoes T8 offel 4 59 Zo] AAHQ EFEH(Pow)

T £ (Prs) S o183t AASH oM, G7|A e £ddE

&R NAEL FARAH.
_ out
Eff Pout +})loss X100 [%]

2210

o 160
1504 / pototype 150
- 140
1304
1204
1104
1004

a0

[g3uees | ] ®3wi2s |
40 45 50 55 B0 65 70 40 45 &0 55 80 65 70
Ld[mH] Ld[mH]

(a) 34 259 o
HAd Ea BF 99

1

Back EMF [ Vs

(b) E51] 25¢ o

LS Sis &

=]
=1

180
150 S s

5o
[==}
T

& 110
-
S 100
m
an

80

=]
=]

— 140 -
"
E 130 E 120
21 = 1204
[T [T
= & 1101
-
5
]
m

@
o

@
=

40 45 50 55 60 @5 70 E
Ld[mH] Ld[mH]
(c) 54 3¢ o (d =31 3¢ 9
Ay 3 9EF 99 & WS 99
180 180
150 150
—140 — 1401
" M
E130 E 130
200 2 a0
w [
&110 Z 0]
- -
©100 & 1004
m m
a0 N
[ =3v:35
80 S, U 80 Rk
40 45 50 55 B0 B5 70 40 45 80 55 60 65 70
Ld[mH] LdIimH1
(e) 3] 3549 o () 4] 354 #
A B3 wE 99 g BE 9o

a3 3 Dol Hato] i 4 Y

Fig. 3 Characteristics map predicted with main parameters

2 g Yol ofyth wEA vl IR
2R EA 9L o) &3t FFAY ALEFH
getelel & 44 288 + A

¢ 30l prototype ©A #FE¥ E7] HE7|9 e
£e goz el on o7 ALg o] Fa Fof
AX DEFor sl EF dAEvHE 474 HHY 99
2 FANSRT F7AN ALSHS AZAIATIEA 971A
I 2388 HU3 2 & dr A94AF YA
Design of experiment (DOE)E o]&3le] Gr|A8A ==
Hlo] J3e F= A4 W5y g FAFGeH T
AANSQ Lpml¥ Gpme 29 59 Jehiiid. z8x
2R 74 2d4E& ofdg Zeo] MAA3}S response
surface methodology (RSM)E dgew 1 Ades 19 6

2 >
i:h]
=,
o

oo

1 jo o e

= 7},
-2 g 0 28 = 0 [%], AW E=Z > 130(kgfcem]
-7 274 29 > 2 kW], 715 EZ > 26 [kefeml]



BEaTr Prototype
12 b Tm
—_ S PAN
E 9 A K2
S 94
=
@
-
o
3
o
-

M1 | M2 | M3 | M4

PM AR

45% | 50% | 61% | 759
(Va) () (] o | 75%

Hg At
Ia
Lg-Ld

ol ®oici 7H
1.69 |1.5871.377] 1.17 |

38 4 7NN Al220 WE E3 ME "D
Fig. 4 Hybrid torque components comparison according to
PM usage

T HA WSE T ouA

H o ATAA Hol(Lpm2)9 ¥
7t flux-barriers] FA2 +

RSM& & 23} 220e] o]
7} 1L17mmsh 443mm@ ) 2bebel shebelEzh S e
e gl Bojzeh E5uE 35744 R & Aow
IARGL 100VAA 2D 5 o] FFAY AERL T
S0 AZY & QAW ARAA A3 o g E3w
BE A% A7) A2 HAY

ft o

H A

™ 5 A zme2lolg
Fig. 5 Design parameter

Lt pm LPMR2 T_air
RSM1 15.4] (.2 R3M2 (11971 4.4
/

Bemt e | Bemt
y=1126 g F=IE

. Baliency
s‘_‘;’fr N Maximum
ymie S ¥=3.15 .

52 65 28 42 1115 141538 52

a8 6 A7 [™y 3 =324|29| Response Surface
Fig. 6 Optimization analysis with back-EMF and saliency
ratio using response surface method

chet RZE S7) TETIS Cost M2k MAH

Trans. KIEE. Vol. 57, No. 12, DEC, 2008

33 MA Z3 2 HE

HEHo R HAAHRN HWE7 el ofgjo] H 1
of UEMHYL™ optimized B H% EBr7] AFTSE=
prototype @4 FE28 E7] d%7] oiv] JFAA AL
o] 32% AZHUG 71Ed AAHAHY prototype T
FEE F7) ALY @M HAYAE Wud] wet
optimized &4 F% F7] e AFAE 58 & F
e Prototype 4 5% &7 AE719 43 A

9% M=% 4
@ame olde 19 6% 2tk WE/Y Fa 549 A
39 97 45 uHYt 71F 54 TN A8

Zo] 7+Athe] wa} magnet breaking torque’} £ ELE
T BEze o Frrevha wddct (1) wekA optimized
4 F= 7] AF719 54L& prototype & FE F7]

wake] GA ALEFFo] 32% ALHAFAE

TEn B3 sEez HAAEHT

1 melole 8D

Table 1 Comparison of Motor Parameter

EE T e | F
[Vrms] [Lo/Ld]
Prototype model 160.1 60.5 2.6
Optimized model 1215 53 3.1

T_Max.
Ave.
_test

|

Prototype

(a) B #=8 &7 d571e 4R A va

Optimized

b)) 2 F=E S71 dF7lel 49 A

a7 7 i REE ST W7 deEx|et siMx sl
&
4
=

Fig. 7 Comparison of FEA results with test results and
experiment setup of the LSPM motor

2211



BREGHUE 578 125 20085 128

X
2 lo
e
2 b
i

1 ox Ob i at © K a0 ok ox rH Y de

A
& AABAT 7R i
7] 482} magnetic torqued] FAFE A3 HE7
o] A3H B2 prototype B HEH T %
& A% 9% BE e

i

iy, of

o,

_(|>L

i

PO

flo
lo 4y & o lo
Moo ™

ZBolH wate] me dEre 54 WiE 54 9
Blo] 7] HA A B&HoR B JIgvHE o=
S 9 WA Rez Bx HANHE VEsE AF)

A st AF AYES o)L JFH BA=E 2
428, 7 A3 prototype ¢ FEH E7] AE7)9
& TEAG FAo] GFRAA AL o] 329 A7
o] AA =y

il
K
el
o

[1] Timothy J. E. Miller, "Single-phase permanent-
magnet motor analysis”, IEEE Trans. On Indus.
Appl., vol. IA-21, No. 4, May/June 1985,

[2] H. Nam, K. H. Ha, J. P. Hong, and G. H. Kang, "A
study on iron loss analysis method considering the
harmonics of the flux density waveform using iron
loss curves tested on Epstein samples,” IEEE Trans.
Magn., vol. 39, pp. 1472 - 1475, May 2003.

[3] Shigeo Morimoto, Yoji Takeda, “Machine parameters
and performance of interior permanent magnet
synchronous motors with different permanent magnet
volume,” Electrical Engineering in Japan, vol. 131,
No. 4, 2000.

{41 G. H. Kang, J. Hur, H. Nam, J. P. Hong, and G. T.
Kim, "Analysis of irreversible magnet demagnetization
in line-start motors based on the finite-element
method,” JEEE Trans. vol. 39, NO. 3, pp. 1488-1491,
May 2003.

(6] G. H Kang, ). Hur, H. Nam and J. P. Hong,
"Analysis and Design Methodology for Single-Phase
Line-start Permanent Magnet Motor Considering

"
s

Parameters Variation on d-q Axis Vector Diagram
Industry Applications Conference, 2003.

[6] Popescu, M., Miller, T.JE, McGilp, ML, Kalluf,
F.J.H., da Silva, C.A., Dokonal, L, "Effect of winding
harmonics on the asynchronous torque of a
single-phase line-start permanent-magnet motor,”
IEEE Trans. On Energy covers, vol. 20. No. 1,
March 2005.

[7] Mircea Poposcu, Senior Member, IEEE, T. J. E.
Miller, Fellow, IEEE, ”"Asynchronous Performance
Analysis of a  Single-Phase Capacitor-Start,
Capacitor-Run  Permanent Magnet Motor”, IEEE
Trans. On Energy covers,vol. 20, NO. 1, March 2005.

2212

o ¥ 3 (F B #¥)
1980 7¥€ 05¢4, 2006 FHAoign
A7) 8o £, 20079~ B SHYhe
B AFAFNT ATHHASA) -

g3 o (F8 #)
1972d 5€ 2494, 19999 FAoigw
A71gE £, 200142 F A A
7188 EA(FEAAL, 2001d ~2004
d 5 e ArjEstd A
A, 2004784 LGHA b A B
dra AT

o8 & (* A R
19763 349 1094, 2000 FAepstu
A7)Esd 24, 20029 FoASHE A7
et EAAAD, 2003720074
(¥)KOMOTEK %4 972 HgdF
9, 20073 ~3Fdsn A F sk
A SHLAFA)

4 ZFF %)

1980 1149 1894, 20039 FHU st
E9 AsAol s, 20069 FAhetm

wete Wl Ee EA(AAD, 2007d ~
QA BENRE A5 T3 At
A1)

8 E(GEIEB

1959¢ 449 1794, 19834 gt
AZ1ee8d £99, 19853 5 g A7
T} EY(F AN, 19853 ~1990d
LGAE(F) Fda74 F9 4T4Y,
1990'd ~1992d HARAZ(F) F/dT4
A A7, 19953 F e 713 ey
£ (F3HA}), 1996 ~2006d Fddigtn A Faa)
a2, 2006 ~2008d stFuEn A TR Rmg
2008 ~ 1A SdEw JNAFE W, 20029 ~ A
IEEE Senior member

tS 8 (% F)

19799 109 1194, 20054 FAst
A7Nesd 4, 200d F Wi
7188 H EQ(FEA 2007EA LG
AR b A B A7 7 97

ol
ol

s =Y



