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F bR, K B AISERE  E 514 98 OB B R 11 98 i IR R EAE o
AR 7, G A0 S B B o3 B3 He, 45t T Ak 7 58 5 SCHR [ 5 ] il it
MG T2 3, R A BROTOF FLTT 5 T AR 1) 38 4 R AU 1)
WL I e IEASI RAMACREBIE AR, B2 1 98/ NA R /Y B
() VR AP AEBR T 23 52 Wi FEUBIL % 8 BE 2 1 3 23 7 A R sl
Mg LT SOk [ 8] R IE AZ 92 8 % 1 ( Design of Orthogonal
Experiment, DOE ) FIli ¥ [ % ( Response Surface Method , RSM ) X i [i1]
W K RGP HLIE T 22 AR AL, 51 0 33 Bl XU & R g, i —
RS T A B FH/NBLX ) R B BILIR) & 5 SCHR[ 9 AT SCRR 10 ] 3455k ]
T RSM AT I3 M7, T 455 2 FR DAL ARG | L vy 2 R 285 T AV AR Sy
YAk B it Z M A 5 As i 1 Al AT oA s 58, JR il 1 REpL
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CCF) ; SCHR[ 11-12] 1] T DOE A7 AL 831, DOE ZERgma K 45>
I EA R B RSO A BRI 2 i, 25 ROk
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07 R, By A AT R R A | AR G T R P FE AR R AR O LR B L
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il 78 A (H S B B 2. DA L7 ik R AR AR T Ak 7 28, (B
FRT A H AR S AR, A % & = B R L) BRSO
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ARSCHR H AR B Al 1) 1 3 7K WAL UL ( Axial-
Flux Permanent Magnet Memory Motor, AFPMMM) , 4%
& TIRG BRI LA R, R A Halbach £
BRI AR E T 254 , 5 FL X 58 2 A1 Dl 58 4
T TRCEAEAN R B T4 B Ik KRG AR AN T
B/ I H i iESe2H i AR ik ol e, BEAS A AL
8RR 12 450 FE. ST X AFPMMM ) 45 #4) £ £k ) L
PR TR FIZE G 224 b IE 58 S 56 14 0 137 1 {18 Ak 7 vk
X — o B ] K R ICAZ AL Z2 PR REHEA T 300 20
ST LA R ML) R 1 S 23 1) RS D R S e, 40028
B BT 2E A7 IE S, ARG T A2 S 9 45 2R 25
AR AL T AL AL B AR, #2R F Box-Behnken
1511 ( Box-Behnken Design , BBD ) #4751 7 1] S 56 ¢
Je A A BRI 5 B 73 A X mid SO 1 52 56 445 2R E A7 5
UE X A B, 2 AN R0 A7k mT LA B /D 552
U P RLRE AT 24 H bR, NI 45 21 5 47 i L e

45
1 AFPMMM HIEARLEH

AL AFPMMM, 3t A 45 0 an & 1 fr
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BRI ( NdFeB ) FNAK G M AL 2 4 BFH2 1 AR, 5 3 <
Wi — J2 A 47 T Bl 1) FE G P AR R4 (AINICo ) #4
BE, 4 AINiCo MR I #RJEAT I8 R S 2 5 FLAK S T
B HUBEGR B A 2 0 R A (AR RN 52 0 147 4 B,
FE TR LS X S84 7% 7 th 45 T3 T4k
O 5 5 L8 LA R B Y A8 S 0 (5 2R 245017 A
HARIE T F ) AINiCo 44K AT NdFeB 4k} 2 [7]
F AL Halbach B, DT 38 R A0 P 1 38 %% B, A )
TN AL Ik 3 5% . 3% ML AR e o T R 1 %
RN HLAR SR o0 i B AR A Y T4 b, Bifk T
s ol FEL B RIS T s o) R G ) S M BB 5 A, SR
Iy B R T80 Se 2l BRR A L JER.

T MLE Y G MUK R NdFeB R 52 T 3K
MRE AINiCo SBR T 2o0 16 AR E F B 5
TRV A AINICo BG83 WA B} B (o]
#| NdFeB , ¥ B3 1m1 ¢, W&l 2 B,

2 BRI RE S HT R ARSI

2.1 HEMERES T
FHSCHR[ 16 ] TT2H1, AFPMMM TG 1 4% & HL i 17 1Y
HLRE DR AT LR R T .

Bl 1 AFPMMM HEA45H
Fig. 1 Structure of the proposed AFPMMM
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Fig.2 Magnetic circuit diagram of the AFPMMM
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b, o, WEMBEE N, AEHLRE SR, ¢,
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T
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0

TR E AT KRR

¢ph = KerangaCOS(wt> , (3)
BA,

K, = H, (4)

P K, TG AL 138 R 8L, B, o FAK N B <
Wit e 2 R, S, R AR R R AT 28T AR
o NETHEE B, NE TIRUEERE A, N E TR
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(5)
(6)
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BRI B A R R AT LA
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S, =K, ——————, (7)
Ps

K _ Asm _ (Ro + Rl) 051 + 27—(‘,0{1 8

A4, (R, +R)O, (8)
e n] DIRoR

I 2mp.n 9
w =2mf = 0 (9)

K K R TR TERBLRE R, HHRALIMNER R R
HLHLN AR A R BN T 165 ST R, A, R B
FAOTIEAR, 0, R 105 BT RS, 0, = 2m/p, R B
TCRT IREE 7 AR TERE  p, o FHEL, p, R
TR BRI n SRy A K, A BN F B

F FELAR L 5 F B T 2 ) S R (i HRL I
A LAIZRIR A

J2amA R,

L= (10)

P mN,,
A, IR S H e G e, 1, AR LA R, @
RAEFMGEH BT E R, = (R+R,) /2 NFEH 42
ESL y=R/R, WNIMEZ I, ¥ 0,1, K, 16, 1R
NR AR S

2
Pcm = ;/;)nKmeeKbrTrza’RiAavBangrn -
2Tcui| 2
(I+y)o, + R (I-9). (11)

TER SE KRG R R ALAME F X S84 Y L 170
A2 )5, LAY R RED R ER T 52 W TR R 520 Z 51
A2 AR GRAL A IR T A T A N L 8
YL 98 R F S RO

2.2 ETEXIEHMREIZIT

R4 AFPMMM H #5123 5 LR B G & AT
R L B 3 ( Electromotive Force , EMF) 11 118 {H.
(ICH Uyyy) 5 0EEAR 36 R A AT BOE % 5
ABOEARA O, T3k U5 7 1A RO G, WOk B
FIEAE A 46 B PR 2 Fe B B 20 2R K 7%
A Lo K AN 2 77 A sk 22 (R TR, 532 el 7K e 1A 1Y)
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3 EERARRIBEAT. O T Is/INl ) 32 ) Sl LA
A LU S BRI 2 B, 255 75 T8, 18 B
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T, PR B EMF RN R 2l # R L I i 2 2 (Total
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REEGHE T, G Tl 52 1 sl AF, VR PERE BT,
HACHE IR 1 FrR. i 8wg o5 Lo SCR - R IE SRR
FATG NdFeB W1 -5 FRER BHR A 2Z 1R 60° (i $
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Table 1 Initial design factors
WG BT T K- Bl
1 0.5
B L p, 2 1
3 2
1 4
e T p, 2 5
3 7
1 1.2
BRI py/mm 2 1.0
3 0.8

2 2 PR, K, K, , Ky 53 B3R R AT
FEATR] KBt 4 B H A 10 7 1A, X 512 56 50040 30F —
M KB, 4 M S Mg EMF B kT 7 B, (H 2
4 W 4 B T RS A LR K, 1 4 RS I U sl Al TR
FU, LR T BRI 5 K1) EMF, SCE(EAS b HL A
RAFafTPERE , 5 M Bl A e 5. 3 i L B R
XFAF, A1 THD 5 — 5 520, {02 T o b 3 AN K, T
UG A 8 45 0 S 00 52 W YR B 2, 256 75 Bk
BEMRHI RRAS | N 5K T 3.5 1 40 Wbk 2% % BH

%2 SRITEFEREKERELEBRNEHEREE
Table 2 Average value and range of performance

targets of each design factor at different levels

HREHAR  BOTHT K K, K ez
P 12.630 12.880 12.410 0.470
EMF/V P2 14.510 13.450 9.750 4.760
P3 11.010 12.780 13.530 2.520
P 22.840 29.210 29.120 6.370
THD/ % P2 64.740  6.720 9.542 58.018
P3 21.350 27.670 32.151 10.801
P 0. 357 0.385 0.323  0.062
T/ ( Nem) P2 0. 819 0. 147 0.098 0.721
P3 0. 346 0.371 0.347  0.025
P 62.640 64.160 72.200 9.560
AF. /N P2 152.282 28.020 18.030 134.252
P3 53.050 66.830 78.460 25.410
Py 0.263 0.267 0.263  0.004
B,../T P2 0.250 0.263 0.280  0.030
P3 0.237 0.257 0.300  0.063
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SBRKEEXT EMF R B, 1952 W [0 5ok, R E
AF_ X T, F THD BYSEM /N R TN AF 5]
I ERIE LA B B, R EME 4 I3l i 7 700 A< Bt
AL T AN B A BE R S K 2,255 LA a3
B, AFPMMM #5150 3 iR,

%3 AFPMMM HI#IIAS

Table 3  Initial parameters of the AFPMMM
S Hf S8 HfH
BUETIR P, 100 W HUERE T n 1 000 r/min
JKBERSNEAE R, 140 mm HAEC m 3
KEEAANER R, 80 mm SBKEE S 1 mm
AL I L, 50 mm AINiCo J&J¥ H 10 mm
BARGEANTE 7.y 15 mm NdFeB #5E 6, 20°
el B 1, 8 mm HLARGE LT 4 N, 100
P 6, 46° ISR ITEL N, 40
SERTRA p./p, 6/5 SEFTE 6, 30°

3 MMMz ikt

3.1 R BFRMELEFRIER

RSN T AE /I A B[R] IS PRI BT
J& K BBD Jrik K 5% T 58 e 1 Rk R AR
SEFIGEAE AL B EMF 3 HL 3l #4 THD
TS T, VN AL B AR, 28T 2ok sk 4
IR, HBeA R T DU (12) Fial(13) Zm A
b8 BN il Fe EL AR 1 249 ) 25 8, 40 4 ol 3 9 5 T
FRR AR E T IR A AR, A M AR R T RE 8 K, e
AJRES/N BV EMF B0 T, T R A B E

B AL B AR EAF B S 2909 5C R, 3K — s 7R
TS A5 2 T 56k
minmize: F(X) = (UiMF,n,an,ng) s (12)
X=(6,,8,0,), (13)

o F(X) FoR A R 8, X Fon bz i

&4 AFPMMM HigitEXR
Table 4 Design requirements of the AFPMMM

B el
LR 44° <9, <48°
AL+ iR 0°<B<8°
FE T 25° <0, <35°
SRR L Bl Upp =15 V
AL EFR R L S A AR R T <9%
Wi T, <0.15 N'm

623

3.2 Box-Behnken {4t i& it

e A e 1 TS 32246 CCD Fl BBD, PR
ARET LR A AR X F BBD 3t , R E AL
25 [B) 100 5 SIZ 565 i R PP 1 06 o P A AN [R] 2 7Y, 7 —
FE ) SE I R R N L a7 A L CCD K.

368 FH A B i o7 TR AR R T LA SRR A

y =B, + Ei'gixi + Zﬂiix? + ;Bijxixj +e,
K, B, TmHHON, B, Fm—Br REL, B, =R B
FHB AR IS HINFREL, e Fon iR IR
HY4DLE T A, AR 4l g — TG H AR ek 500 52 e K
I AT

AR S L HEF 45 Rk 5 s, A
AB,C =AMEEIEF, = HFRY CCD i — R 2
20 YR, 1 BBD 1] LR UE e i 1t 5 7
15 .= HF1 BBD it —FA 58 4 1) = 7K 4r
P, e e i AT ek, AT DA H AR 1
AR AL BN PR R H AR AR e .

(14)

®5 BBDRBEITRERHEMELR

Table 5 BBD table and simulation results

B S B
1 44 0 30 -1 -1 0 13.42  7.60 0. 067
2 48 0 30 1 -1 0 14.12 8.29 0. 154
3 44 8 30 -1 -1 0 14.32 8.11 0. 206
4 48 8 30 1 1 0 15.16 8.17 0. 131
5 44 4 25 -1 0 -1 12.61 11.17 0. 130
6 48 4 25 1 0 -1 13.82 09.27 0.132
7 44 4 35 -1 0 1 15.34 7.44 0.119
8 48 4 35 1 0 1 15.78 8.10 0. 186
9 46 0 25 0 -1 -1 12.78 9.21 0. 101
10 46 8 25 0 1 -1 13.24 10.70 0.175
11 46 0 35 0 -1 1 15.34 8.11 0. 109
12 46 8 35 0 1 1 15.72 10.09 0. 157
13 46 4 30 0 0 0 14.31 9.09 0. 181
14 46 4 30 0 0 0 14.98 7.23 0.174
15 46 4 30 0 0 0 14.36 5.97 0. 165

XI5 A SRS R TR o A nT A AR H bR
R A O TRTRSE Y 6 6 7R T A SR 8yl {5 g e
EMF £ Linear S84 T, #Y Quadratic-M %! P {E
#/NT 0,01, AR HIE KT 4 dB, A B BT {5
% ; THD Y Quadratic-M BiRUFE 245 PH KT 0.1 /Y
WZJ5, P H/INT 0.05, {5 LUl KT 4 dB, L A4
—E R
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&6 MUBIRERITM

Table 6 Evaluation of optimization objective models

R i¢ R PME R L/ dB
EMF Linear <0.000 1 28.503
THD Quadratic-M 0.012 8 5
T, Quadratic-M 0.000 9 14. 812

Al 3 HR 56 s S R UL, AL B, C A iR R
0.,8,0, = AT, «+" Lol inirm, « =" Fmmsh
J i), = AN 3SR AT DAAE — R R AR
EMF IE{H. b5 2 F W 5 6, 3, 0. #1 g % EMF
F14) Wi 7 T2 328 5 T 8, (L2 e 7 T P R R I A 4%
KA S AHME L B, EMF 1655 F 1 55 h 44° 5511
R R 0BT/ IN, TR G T 56 by 48° T4 LA
Hy 8oHtHe K.

730,998 7 32.508 7
4 2%
B8 eo37 T 21037 1
3e
& :
L4 SN P S—— -
s 63T 317377 Cas
= .

* C: 6 (degree)

st

B—0 7438837 26.398 A7 gg: 25
- A: 0 (degree) *

K3 tfbdsit sy EMF(V) [R50 87 7 ik

Fig. 3 Test point cube between EMF and optimization variables

P 4 WIRR AR 8 PS8 T, 5% 114 R Fn
T GEXT EMF AR50, AT UL PR 4 e I 450 25 1) 17
BUT B 28 10 58 135 K, EMF 23 K (H 2
BLIZBR 22T | 58 5 T 1 N3 25 s 24 el LR
PRI AR SCIE R 98 35°4 A 1 BR.

H 5 AT, et 2 AR AL R THD AL 6,
FK K6 F e, F e % THD Fme K 1 S M, i
ST AL, THD 16 0, % T 31° (4 fl 3L A fie /ME.
WA 7 Fis  EECF b T, W R T % X 2R e
RGN, A R R S S BT, M E
AR, WA & [ B AR A AT DU T, . P 8
6, F1 g Xt T, il o7 1 Ay o 1, BB 6, I K, 6,
1B X T, f9 0 7 T8I 56 TH i I B A, AR T,
R /IMELAE 6, X 44° B IR 0°B 7 0, HL48° B L 8°
M 1 A5 Py o 30

45
e 0 44 0

b.0 =35

Kl 4 6,=25°F16,=351F,0, 1 g X EMF [0 L 17
Fig. 4 The response surface of 6, and 8 to EMF
at 0,=25° (a) and 6,=35° (b)

100875 8435
. 2%

A 0875 T 8435 1
— 3e
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* B: f(degree)
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K5 ezt S5 THD( %) Bk 7 5

Fig.5 Test point cube between THD and optimization variables
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THD/%

6 B=0°HE.0, il 6%t THD [ i
Fig. 6 The response surface of 6, and 6, to THD at 8=0°

70.165 75 0.1375
, 2
B8 10825 T 0105 1
3
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= 002525 01597 C+:35
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B=0 005775 0.1265 C-:25
A—: 44 A+: 48
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Bl 7 efeAs it 5 7, (N-m) (IR56 27 Jr 1A

Fig. 7 Test point cube between T,,, and optimization variables
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BRI A N 1T & A2 T A8 4k, 1T UL 0, 56 1 25° 45 1 i
R BRE S K, RIS AR T AT#. 54 6,3 K
B, A i R T, 5 58 B SR AEER O, A vl AT
ff AR ASHER ), nTATRRAE 0, B 44° B B 0°
a0 0, B 48° B HU 8o 1 s T (R HE R K.

4 USRS

Wit RSM ek vl LAAR B an 26 7 Frs i LA
7% ASCR FHA B TTER A 43 990 X6 R b AR Ak 7 6
AT T BRI 5 R S 50T ML B EAT X L. R
RSM 1530 PR 48, 0O RN 0 FL 25 SRR, IXUE
BT AR SCfd F R o) 2 B AR Ak 1) K A LA A

AR, BEFE RSMI AN 2l Ak 7 220, A 10
FE 11 AT A SR AT AR b, LR AE TR
BN R R B R IR 3R = T EMF (R BRAE.

“or 0 aa b
b.0,=35°
K8 6,=25°F0,=350F,0, fil BXF T, KNI 7 i
Fig. 8 The response surface of 0, and § to T,,, at
6,=25° (a) and 6,=35° (b)

®7 RUNENERTHELERILE
Table 7 Comparison of FE simulation results

before and after optimization

. 0/(°) p/(°) 04/(°) EMF/V THD/% T,/ (N-m)
RSM1  48.0 8.0 30.0 1532 8.17 0. 136
RSM2  46.7 0.0 33.6 1511  8.47 0.131
kR 46.0 0.0 30.0 13.21  8.24 0.176

5 #ig

ARSCAE ) WG K RE R ML SE At LR T —F
U B2t K A X Bk B9 AFPMMM , 32 H AL 8 12 2%
ZH RN HL AR SR o0 TF 0, A S s/ T HL X S8 4 X
AR R BE 7 1 1 A8 R B8 A L JER 8 FE. & X
AFPMMM 45 Pk ) @, 32 i 1745 & 1E 22 S8
RSM Ak 73 , - R A BR ool B4 A i Bl T
R AEARAL T 5 RSMI rfr | JBR 0, H 3l 38 0 A
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Fig. 9

The response surface of 6, and B to the expected value

of the scheme at 6,=25° (a) and 6,=35° (b)
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Fig. 10 EMF before and after optimization
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Multi-objective optimization design of axial-flux permanent magnet
memory motor based on response surface method
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Abstract Here,the Response Surface Method (RSM) is used to optimize the structure of a new Axial-Flux Per-
manent Magnet Memory Motor ( AFPMMM ) proposed in this paper.Main influencing parameters of the motor are
preliminarily determined based on analysis of the electromagnetic performance equation and Orthogonal Experiment
(OE) ,among which ,three factors including soft magnetic ratio, number of rotor poles and air gap length, are select-
ed as the design factors of OE.Then Electromotive Force (EMF') , Total Harmonic Distortion (THD) and cogging
torque are determined as the optimization factors,and the RSM is used as the optimization method.The Response
Surface (RS) experiment is established by using the finite element software Ansoft Maxwell and the RS design sofi-
ware Design Expert.The simulation parameters and fitting curves of the motor under the combination model of differ-
ent design factors are obtained.Different optimization methods are combined to meet the specific design requirements
in this paper.Theoretical analysis and experimental results verify the feasibility and effectiveness of the proposed mo-
tor and optimization method.Then the optimization scheme is obtained through comparative analysis of the test data.
The results show that the optimized motor not only reduces the cost of permanent magnet material ,but also ensures
good EMF and small axial force fluctuation.

Key words memory motor;response surface method ( RSM) ;multi-objective optimization ;finite element analysis( FEA)



