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Abstract: To remedy the limitation of the existing outer rotor scheme which increases the unbalance of ro-
tor system due to screw connection, a vernier gimballing magnetically suspended spherical flywheel with
inner rotor based on reluctance force and Lorentz force hybrid configuration is presented. The structure
and working principle of the flywheel are introduced, and the control model of rotor system is analyzed. It
is concluded that the disturbance of translation suspension on radial tilting control can be eliminated and
the controller can be simplified as well when the centroid of rotor coincides with the geometrical symmetri-
cal center of rotor and testing center. In consideration of the maximum equivalent stress, the first-order
resonance frequency, the ratio of polar moment of inertia to equinoctial inertial moment, the polar mo-
ment of inertia, the maximum deformation and the deviation of the centroid of rotor and the sphere center

of rotor are increased as constraint condition. The multidisciplinary optimization design of rotor system is
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performed by taking the high sensitivity parameters as optimal design variables and the minimum rotor

mass as the optimization objective. The results indicate that the mass of rotor is decreased from 5. 600 kg

to 5. 389 kg, which is reduced by 3.8% , under the condition satisfying the design requirements. The

optimization design method can improve the design efficiency and control torque precision of flywheel

system.

Key words: ordnance science and technology; vernier gimballing magnetically suspended spherical fly-

wheel ; optimization design; controller design; sensitivity

0 35l

AT — 10 23 A T A R T B o e AU
A FSATRAT 55 B BRI 5 HoA B A
FERLBN A DIRE , B 5 B B ) S BN 222 1Y
KRG E ], Ja 3 e ZR ISR E LB R
WEHLEN 7 BB IME AL A BEAE AL il i U e
R AR /NG Y R R E T At B A8 A e e b 14 0
Iy T R RV R R AR 7 R B A
AL RES W BT — UK IR 5 I D RER R, ikl LA
TESEIR I G HEENL S R I, SEBLR - F B /Y
e G R AW Ne S S (VR 357 S

RS R 2 PR TRE R AR AR B ) AN [, DR
Ay BEL A 20 100 AR 2% A A BRI B
S 2L IR A S B ek [ 8 T R T
— A ) W Bl B T 4 W B A B T 5% i i B 1)
= I P Rl T R S B il 1 - Bl
Ferm P A i R A, SCHR[9 ]k T — i )
WSS TE GRS F YA PAAE 2R R, ) FH 7 il v
T AR S BRAE [ - Sl R i e 42 o, U U TR A 5
DU 1] W SleF . PR v AR TR R A
KEIE SCHR[10 ] A 4 1 — i 4z SR Sl e B A 1L 07
%R RSl R R SIS T A EERE, R
v A L B R DR PR g - o i A A AR
AR BR AL, SCRRL 11 TR T — s A8 2% Al B HLAT 1t
HEZRAGN (4 S A FH AR, R P %46 2% 7 i b 7 52 B
FerhAmEZaEsgiF, Gk 12] f2 i —fh3E
LRSI 22 IR R T7 58, 0% Hoab A7 1T R 5
FUSRAPERT TS . ISR 25 TR BT Ik, RS R %
5 T A 7 I A R B R A T 2
TEB T AR P48 2% 1 Wl AR S IR 5 0 A b 2
RRTERERT RSOk [ 13 ] R BT A 7 R
AJFBE SCHR[ 14 192 T —RhiR & 1 14 Y 4 i FE 2
QA T A I e R R e 17 e Sl T B R S5 B
A 15 -2 32 3 B A 1 - 3 g Sl B, A AR
IR E AR R . 8 T PR T SRR

R EE, SCHR[ S, 15 ] FBE R R b R AR Sk [ 14 ] v
PRI 1) 3 T O 5 T B R R i 1o 0 9 i A | SE LG
F=AHETIRT,

TRA 71 F4 B0 110 1 B V7 PRAHE 2R R e 78 20 ) i B
TR AR R T RIS AR 2% 3 08 b R A e 1)
PR R EAL AR AR T 7 58 STk [ 14 ] TP Y
FEFE BRI SCHR [ 5, 15 ] v 9 7 SRR 78 i 7 RS
TARBIBAR &AM | SRR BRI AT 7 A
SR AR T RV B A RS B, AN RERR
FIRES AR R BT R T, (w5 7T )5 BR7E S BRIE IR
AR WAL B R TR S e A 0 B AR st
TR BRI BR L | 2S5 T8RO 5 00 A, T 5
S-Sl 2k VP IR A 4 o 0 T PR TR TR AR A
Oz — A B AT R AL

X RIS T 2RI DT ik T 2 B
AT THFSE . SCHR[ 16 151 %F 50 N-m - s B2 IF A
F 6, B R i KN 1 B AR IR AT R A
RIS R R A B, X AT T AT,
SCRIRL 17 12K FH SCRR[ 16 ] AR Ak 7 8k %o 1 8% 77 42 ol
FIFE R AT T AT, LR R
PEilgR, SCHR 18 ] A SCHR[ 16 ] 3k mh I, 51 A%+
Jo ARG il AR LT FP s i 220X — 24 BRAR i, X
15 N-m- st 87 AE R e bt Ttk o T
HE— 20 PR AP WA 1 i, SCHR[ 19 ] 7E SCHR[ 17179
Femli -, SR AL SR AU 81 ik BRI A LA
PR SRS | ok R IR 7 4 1) 0 B MR - AT T A
b, SCHR[20 ] MR R fERE CE S T T S0k, X4+
g RER MV S AR EAT T Ak, SCER[21 ] A4
T —FhHE SRR G B TR A, X AR Gk AT TR
b, SCHR[22 1 7ESCHR[ 16 —21 ] LR I, % & Gt
PRBh T 00, B THUEIRE TR 1 B SE4RI0R X%
T T 2% Rtk SCEk[ 16 - 221 ¥R % R
T T AR 0 [0 ) i 2 XoF 22 6 45 i KG E
HEATTN

AR LA B TAE SR CAR R R B O a5 3R T
— PP T ERIE B 1 IR A 70 R R 1 G VR TRHE 42 TR



2282 2 X & %K

%38

B W1 R G T 3l s i R B AR A
IITE RIS A A S B A A A i, DU T
vt fe /N AL AAR AT 222 BT

1 WEIFMIERKE R

1.1 XREHMREIERE

N T R AN T R DRRET FE R T 5 R R AR
YAy R YIRS 53 A AN A AT A TR) R, AR SC 2R B
GBI SR QA A S~ e o 4R T —Fh
RE TR N7 r &2, A miE 1 s, &
ARG FZAEE L b PR S (PR LA R A
PR L2 T R PR BT ) A ) 5 Bl ) L R O A R A UK
iy (RN 142 1) S5 %t e 52 7% RO 5% A ) | RARHE
T (HEFH 9 000 r/min, fZhE 15 N-m-s, 5 £
+1°) UL A5 1) 5l ) BR AT R Al R (L AR
) 5 0 1] SF- B ) TN A 2% 07 1 b o (45 ) 5 D
) o AR 1m) g A e sk TR G Bt A ) SRR R sk e AR e
T R ERFEIRARAAS | RIRAR P R S 35350 53 A, HL
g ek, M TFERO S FOEA, B AN
SN P A AR TR BT 3l I AN 2 6 i
AT,

A i s
B TIEIE

Bl BT A AR B AR S5 R 2 ]

Fig. 1  Construction of vernier gimballing magnetically

suspended spherical flywheel
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Fig.2  Construction of spherical rotor
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Tab. 1 Soft magnetic material properties
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B/T o /MPa  y/(mH-m™")

1J22 2.4 490 11.44 HRB90
DT4C 1.8 166 15 HV121
FeCrl5 1.7 430 10 HRB70
1J50 1.5 147 65 HBS130
1J79 0.75 147 275 HBS120
1J85 0.7 325
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Fig.3 Coordinate system of rotor
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Fig.4  Optimization flow chart of flywheel rotor
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