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Abstract: According to the requirement of reaction flywheels in small satellites for small sizes, the de-
sign method for an armature size was proposed when the electrical motor was at a minimal volume ,
and a stator coreless reaction flywheel system was designed based on the method. To avoid the mag-
netic saturation, the multidisciplinary design optimization method was applied to the design of fly-
wheel rotor and magnetic field of the motor. A optimization strategy combined with Exterior Penalty
(EP) function and Sequential Quadratic Programming(SQP) was proposed to optimize the system as
well. With optimization, the minimum mass and maximum air-gap magnetic flux density of the rotor
were chosen as the objects, respectively, and the maximum equivalent stress. resonance frequency,
the polar moment of inertia and the magnetic saturation were taken as constrains. Then, the software

iISIGHT with finite element analysis (ANSYS) were integrated to achieve the optimization. Finally, a
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{lywheel prototype was designed based on the optimal results. The results indicate that the total mass
of the flywheel rotor has been decreased from 0. 73 kg to 0. 67 kg (reduced by 8. 22%) and the flux
density has been increased from 0. 376 T to 0. 401 T (increased by 6. 65%). The optimal design meth-

od can improve the rationality of {lywheel design, and will promote the progress of the miniaturization

investigation of flywheel systems.

Key words: small satellite;reaction flywheel; motor; multidisciplinary design; combinatorial optimiza-

tion strategy; Finite Element Analysis (FEA)
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Fig. 1 Structure diagram of flywheel system
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Fig. 2 Radial and axial air-gap magnetic flux distri-

butions of flywheel



334 7\16?‘

%22 %

3 REE ARG

3.1 MHERES
(Do e & . e I RE 5L 748 RoF Flg 4
A JREFE Cln & O AE R oAl 728 6 AR ] K48 1 45
FFIFE AR «
»r=(R,,R,.R,,H.H,) , an
(2) HARBRELC: S 1 80/ R 2R 48 10 o i O 4
R HR LAY H T R 8 BB e 1 B e A /N TR,
BIL Bt 1 308 2 e RO AR FL AR B0 ik O
X=min[ M(x) ]
Y:max[Ba(x)]’
Kb M) (B, (o) 43 531 O R4 i 1 19 oA e 2K
AT G 0 2 R e
) FRA M A RIS 1, 25
B 7% I8 RIS R B e AL Sh R R IR S
TARSL R 1 HBUE N -
45 mm<R,<50 mm
40 mm<CR,; < 44 mm
28 mm<CR,<{32 mm. (13)
26 mm<C H<28 mm
4 mm<Ch,,<5.5 mm
(4) v ) A2 B 1Y 20 o A5 TS AR B M E
e SIS IR A F % 2 M BE AR X RAR R T 4R
WK . BORTRAR IR B L R EE 2 LU B B
o B I TR Y B R AF RN T S 80,2/ 25002
AR JE RS R 5 AR A B i AR 3 10 000
r/min 3 A 26 250 A W 2 1 G — o 3 R AR
Freq™>250 HzCl iy e 1 1.5 i) s R Khe i
TR N 5 000 r/min PR MAEHEN 0.5
Nms, WAL Zh B J, 7 9. 549X 10" kgm*;
R TR AR BT O e - AR/ AR T
FZ T,/ d R 1 4~28 0 T B 1k i A R
Wee ALK 1 A R %9 ) P 23 S SR T Y e il % B2 /N T
LA ARME A 90 % 5 B 2 Boiew <<0. 9B
vt R T R E IS Y 2Ce13, H
Jef 5 B Ay 440 MPa, 1 %38 25 BE 1.4 T, K
AR G BE AR R Vi ) ] E L & i ) Sm, Coys
RUEZEE MR o KRG RE R 250 KJ/m® , 4 Hy
1.17 T,
L5 Lo b TR SR B AR Dy

(12)

J,>=9.549X10 * kgm®
1.4<J,/J. <2 . (14)
1Freq>250 Hz
B <<0.9B,,=1.26 T
)AL T - NSE#E BTH fA BE 2% 0 IOAE ]
CH R G — A LR R Gt B R 1)
i, % ] Exterior Penalty 2l NLPQL 24
#iifb. Exterior Penalty 538 20 R & AF 5 JF
2| H A5 ok Kb RE A5 PR i T AT DI kB A
JRIEBACA » 2 A DR A £ P R R ) 8 ) B B T i
— o NLPQL %%k th — W H b o R 26 1 29 3 R
B ST BCE IR R] R B Y B ST A )R
TR B A RRE YR R . A LAk SR M B
PRUE T R AL BE , SR R T A2 1k
3.2 fRfLizitiniE
RERRGMATRE A 3 FR . AR

b7z & B br ek B, 200 S5 F A B L B
iISIGHT #112 F 5 4 BUA BR o 70 #r 8k AN-
SYS. k] APDL i & 1) A ¥t i KL il b a7
w5 B N e R o B B S RO R
i g 2E Bl g 2 4 A R TS T i SOLIDAS 52
TR ERTT L1 37 70 A b R 2 AR A AR () T R
B TR TE A R AR AR A L I 3 H AR R

APDL A S B F i 1%
Zh R A FROT R A

!

Isight S HIRFHT -
LIRGFARTE R B
[

1
B R
RO:RbRZsthm

1
Ansys5y I HAT
BRI I E R RS T

1
P ITEE R
M. B,. S, ], %

a> Omax> Yp

R LR RF?

| mamiew |

Jsmax<[6]/2 =220 MPa

Bl 3 REREE AR R
Fig. 3 Optimal flow chart of flywheel rotor design



LR

T #.%F/)DDEARERCRRRASEIT 335

AT WS T A SOLIDI6 521 HLIT IR Al 4w it
BRI A A WG oy A . M Ansys Xt 1
RS HACKERL I3 53 347 A BRIT 70 # » 70 # % L 4%
UARACEE A S AT AL 1 fe P BT H{E

4 AR ST

oAb B AR 5 29 944 1 pefb ol B2 an 1l 4 Al
5 PR, RALETG CE e F i fb 28 & L B bR oR
B A RS R EE X LN ER 1 TR .

& 1A LA, e i i i
0.73 kgldi/MF 0. 67 kg /N T 8.22% , K B fl
W EEH 0. 376 T H9 K F| 0. 401 T,# KT
6.65%.,

g 4.

g

5 4

- 4zir

£ 40F o Ry(X10mm)| 1

> 38f —o—R(X10 mm) B

& 36F —%—R,(X 10 mm) b

g) 34F —A— H(mm) ]
32 DrsoRdRRRe —o—h, (X10 mm) ;
3.0F 1
2.8 b E
26F . ? : : : 2 .

0 10 20 30 40 50 60 70

Run counters

B4 Bt A i i Ao 7 b 2k

Fig. 4 Optimal curves of design variables

15 T T T T
L4F —0—Simax(X 10 MPa)—4— JyJe(X3) 1
13F —o—M(kg) —x— Freq(Hz) ]
= 12f —o—/p(X 1073 Kgm?) —o— Byeel(T) ]
£
=1
(=]
o
=
g
(]
Z
3
=
o
0.3

0 IIO 2‘() 3‘0 4I0 5‘0 6.0 70
Run counters
B 5 fidl H s B L9004 10 O flad e il 2%
Fig. 5 Optimal curves of optimization objective and

constraints

x1 YRETHRUALETER
Tab.1 Optimal design results

Z4 DAk i R A
R,/mm 47.50 46, 35
R, /mm 44. 00 42.06
R, /mm 31.50 29.59
H/mm 27.50 26. 00
h,, /mm 5 5.49

Jp(kgmz) 0.001 08 0.000 955

J,/J. 1.73 1.81

Spax/ MPa 7.28 8.81
Freq/Hz 798.97 366.23

M/kg 0.73 0.67
Byea/T 1.07 1.22

B,/T 0.376 0.401
1

NODAL SOLUTION AN

OCT 29 2012
e 13:53:05
1991 509
1.969
2.946
3.923
4.901
5.878
6.855
7.833
8.81
Bl 6 RN = K
Fig. 6 Nephogram of equivalent stress
1
NODAL SOLUTION STEP=1
SUB=1
v FREQ=366.232
7.789 .
15578
23367 /]
31.157
38.946
46.735
54.524 1
62313
70.102
rtodel hnafysigalysis

B7 SR — i A AR T [

Fig. 7 Mode of elastic first order frequency

FIH ANSY'S X e 3 i 5 %8 43 i 47
2 B D1 2E R RE2F 43 AT A5 8RB BT 1 ) A
Bz B — B ik AL RGO o B 6~ 8
No M 6 A LLE #5000 r/min B (1) 5%
KA S A 8. 81 MPa, iz /N F #4 8} 9 8 A i



336 b=

TR

%22 %

AN

OCT 29 2012
14:06:56

NODAL SOLUTION

002 878
% 1159793

316708
473623
630538
787453
944368

1.101
1.258

| T

B 8 W% E s K

Fig. 8 Nephogram of flux density

o kARG

Fig. 9 Prototype of flywheel system

Jio BT ) Es AR R I — B iR
B AR R )y, — By L PR R O 366. 23 Hz, M
8 3 Ay A o T LU L i K g %

S % Lk

[1] ISMAIL Z, VARATHARAJOO R. A study of re-
action wheel congurations for a 3-axis satellite atti-
tude control [J]. Adwvances in Space Research,
2010, 45(6): 750-759.

[2] MOHAMMED S, BENYETTOU M, BENTOUT-
OU Y, etal.. Three-axis active control system for
gravity gradient stabilized microsatellite [J]. Acta
Astronaut , 2009, 64(8): 796-809.

[3] Kok, % — 4, %, F. BE R LB M
SryEm S BT b H T A2,2010,18 (1)
149-155.
WU JF,WU Y H,ANJ, etal.. Implementation of
variable structure and speed-changed integration
control for flywheels [J]. Opt. Precision Eng. ,
2010, 18(1): 149-155. (in Chinese)

(4] B, AR BB L %M LR LR

7 A A R ) AL S R P G S RN T L
258 T. &9 Sy Mt It A i it 45 2R il i i 2 R ]
FRBHTH R RGEHML.

ANTUR AR RS RS /N TR

JO R o ORI s AR SCHE R IR A5 AL A A5 i K i
PN BT — S LA R R /N B Y
MR B E J7 ik B B4 T %07 A R B HE
RIS T A RS A L e e S A
Wt 7 —FE F RS RE VB RG . hkE
B B AL BE T P B B A A B 42 8 2 A R A ik
TFO7 35 N G He BB A # R ML H R 3 A IR
ThH s UG 0t A 5 /)N R AL A 1 3 %85 1 o R
S Ak B AR 7€ ) B A2 0 B L — B SRR AR
B 1B FRE A A 55 2 2 R AT X A i
T it 2 Hintfb ik, OfF 4 T8 A- Rk i T
Mt . LAk s S 3R WL 76 W 45 29 o 2% 14 1 i
BTG AR 7 it 0. 73 kg W/ #|
0.67 kg /N T 8. 22% 3 S B 438 % FE i 0. 376
T K #] 0.401 T, KT 6.65% , &k itk
GERMI T CERRREL. AL T IREE R TR 1
B J12E R R 2 I BETT R 2 0 T R T
A HE BT RCE L /N R RAER LR RS
M A X,

Toll s R AL 5 1997.
TANG R Y. Modern Permanent Magnet Machines
Theory and Design [ M]. Beijing: China Machine
Press, 1997. (in Chinese)

(5] SrE-F. 5. KA LR A ERZITZEREZK
[ML b5 HLAK Tl Rkt L 2009.
QIU G P, QIU M. Permanent Magnet DC Motor
Practical Design and Application Technology
[M]. Beijing: Machinery Industry Press, 2009. (in
Chinese)

[6] R—#%,3F KA. oA JAEH UK 3h AL r f #
WitlJ]. b5 % £42,2010,18(6); 1317-1325.
WU Y H, GAO Q J, BAT Y. Electromagnetic de-
sign of driving motors in reaction wheels [J 1. Opt.
Precision Eng. . 2010, 18(6). 1317-1325. (in Chi-
nese)

(7] xs&. . #eaF CRATHEZEAHEER



LR

T #.%F/)DDEARERCRRRASEIT 337

(8]

(9]

[J]. &% 4% 42,2012, 20(8): 1802-1810.

LIU Q. FANG J CH. Repeated clamping locking
device for magnetic bearing flywheel [J]. Opt. Pre-
cision Eng., 2012, 20(8): 1802-1810. ( in Chi-
nese)

AR L 3T T, 0k TOHE SR RN B E R T
GMABITT]. &5 # % T 42,2012, 20(9):
1991-1998.

TANG J Q,HAN X F,LIU Q. Optimal design of
rotor rim for magnetically suspended flywheel with
vernier gimballing capacity [ J]. Opt. Precision
Eng., 2012, 20(9): 1991-1998. (in Chinese)
R AN REVHEE TR CMG B F WAl & Aok
w10, FALE R, 2012, 33(2) . 275-280.

HAN B CH, YUAN Q. The combinatorial optimi-
zation strategy for large-sized magnetic suspension
rotor in CMG system [ J]. Journal of Astronautics ,
2012, 33(2): 275-280. ( in Chinese)

[10] wrasr, 2o, 88, &. T SIGHT fE 2% K AE

i & LI]. F 48 % &, 2007, 28(6):

fEEE A :

T OEAST),H AL KA
WFgEE . 2010 4F F 2l B Tk 2 3K 15
gy, FENE DR RE WAL
oA IR T 46 77 1 A9 B 5% . E-mail ; wan-
ghuihb@126. com

[11]

[12]

[13]

1619-1623.

YE Q H. LT H, HAN B CH. Optimization design
of magnetic bearing reaction wheel rotor using
iSIGHT software [J1. Journal of Astronautics,
2007, 28(6):1619-1623. ( in Chinese)

MANDI M. An optimal two-dimensional eometry
of flywheel for kinetic energy storage [J]. Int. J.
of Thermal
2011, 3(2): 67-72.

SUNG K, SEONG J, SANA U, et al.. Design

optimization and fabrication of a hybrid composite

&  Environmental Engineering

flywheel rotor [J]. Composite Structures, 2012,
94(11) . 3290-3299.

I RMBE, R GRS AR R L
B[], T3 F4k,2012, 19(3): 225-230.
WANG H, WU J F, WU Y H. Design of rim-
driven attitude control flywheel motor [ J]. Chinese
Journal of Engineering Design, 2012, 19 (3).
225-230. ( in Chinese)

SUBE I

R—#% (1965 —), &, WL i@ M A 1
L WFgE 5L AR L 1986 4E TR
R R 2 R A8 = A A, 1991 48,
1996 4F T f B B & 45 6 L BT 2K 14 A
+ At FENFMOEILR RE
‘ (MEMS) UK % HLHL 2 58 7 T I D52

E-mail ; yihuiwu(@ ciomp. ac. cn

(FRIERE REWHT FEEH)





