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Abstract: In the design of a two-degree-of-freedom fast steering mirror system, in order to increase the control
bandwidth of the system, the low-order natural frequency in the working direction should be reduced as much as
possible, and the high-order natural frequency in the non-working direction should be increased. This subject used
a deep-cut flexure hinge fast-reflection mirror system as the research object. First, the vibration mode movement
direction of the first four-order natural frequency of the system was analyzed, and considering that the traditional

stiffness calculation method was not suitable for the third-order mode direction problem, the stiffness calculation
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formula in the third-order mode shape direction was re-derived; secondly, the working stiffness of the deep-cut
flexure hinge was deduced by the energy method and the second card theorem, and the nonlinear fitting was
simplified. The error between the simplified calculation formula calculation result and the finite element
simulation result did not exceed 8.9%, which proves the accuracy of the derived hinge working stiffness
theoretical formula; then, the third-order mode shape direction stiffness calculation formula and the flexible hinge
stiffness calculation formula were substituted into natural frequency calculation formula and finite element
verification. The results showed that the error between the theoretical formula calculation result and the finite
element simulation result did not exceed 1.7%, which proves the accuracy of the new third-order mode shape
direction stiffness calculation formula. Finally, using genetic algorithm, multi-objective optimization design was
carried out on the first four-order natural frequency of the system, and the design requirements were reached. The
optimized structure obtained was significantly optimized compared with the initial structure, the stiffness in the
working direction was reduced by 19.04%, and the stiffness in the non-working direction was increased by
297.83% and 77.09%. In addition, it has been verified by finite element simulation, and the results showed that
the first and second order fundamental frequencies were reduced by 8.08% and 5.40%. The third and fourth-order

fundamental frequencies have increased by 112.59% and 16.80%. It proves that the optimized structure is greater
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than the initial structure, which can effectively increase the system control bandwidth.
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Fig.1 (a) Overall structure of fast steering mirror; (b) Flexible support

system structure
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Fig.2 (a) Plan view of deep-cut flexure hinge; (b) Schematic diagram of

deep-cut flexure hinge
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Fig.3 (a) First-order mode; (b) Second-order mode; (c) Third-order

mode; (d) Fourth-order mode
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Fig4 (a) Simplified diagram of first-order mode shape stiffness;
(b) Simplified diagram of second-order mode shape stiffness;
(c) Simplified diagram of third-order mode shape stiffness;

(d) Simplified diagram of fourth-order mode shape stiffness
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ye = ﬂ %dx’dx’ (38)
 wE(Y)
i, 1=,
Mx)=M
H A2 (38) e i AR AR 2L AT 45
12Mb cosy
Ew jf (2a+t—2acosyp)’

debcosedy =

12Mb 0 ¢ cos
L) ’

dBbcos pdg =
Ewe § Op+1—2pcospy PPeosyds

6Mb? 1
Ew 1+2p (39)
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B A (19) 1AL (39), FFACA TS TR
FE NG 6, < 8 prad, W] A5 HY SRR S B RE E A0R
Fik X h:
6x107%h
Za a -04753

33 fHitE
33.1 ARALAER
PR A A

—8x10° <0 (40)

e(x) =

Br Ko, + B2 Ky,
Bs VK. +Bs\Ka.

suppose : x1 =a,x2=b,x3 =t,x= (x1,x2,x3)"

f;)bj = min G(.x) =

(41)

c(x)<0
sty A-x<b

Ib<x<ub

Ve L HEBCBE M KAl o KN b A0 /N R
tAE R TRl AR IR T L) 24 B S A 7T A5 th R AN S
RAFEE AN [0-150; -1050; 10-500; —1
1.20 0], b=[0; 0] MRIEIA AN THEEE, 15 B H2
# 1b=[0, 0, 0.8], ub=[20; 20; 5]. LA L H
N BCEE R AN YR o], VBB B A
AW 2.

332 @WAEHERLFNTE

WAL (Genetic Algorithm, GA) fix & H1 25 [
fJ John holland T 20 22 70 4E A2 H Y, X B 7L 1Y
BT RIEK 3 TR A IR b A W A Al 1Y s 2, R R OR
SCHE AR I AR SR AN AL 2 LR Y A P Ak
o R O T AR A A S R SR AR A 1 R Rk
T H A 2 A T R SR i o R e 4 I S LA )
PR R Y R TR 38 L AR A AR i
(0 D0 JE VR AR LG, 5t % B 1 DA T R0 e 1) o B F 1 4
R, AT NIt o LG22 A4
IREEACR RN, B S RA R R s
BIEMNBREF R R, HEE A, FT 2R, A5
B AR i B L e U2 TR SR e 2 2 M A & Ak )
FIUESF | ARG — S5 B A D AL R0, 38 R RS PR b AR
B AR, B L Bk i A B S R A 9
IR0,

Population initialization

:

I Individual evaluation

:

| Select |
Mutations l
| Cross |

| Calculate fitness |

!

The average change of
fitness value is less than
the set value or the
calculation reaches the
maximum number of
iterations

B9 s R AL TR
Fig.9 Optimization flow chart of genetic algorithm

333 AL RVUBSHTIIE

SCHUR H matlab 545 5 2k T AR #EA7 LA T4,
AT UG AE g a=10, b=8, =1, P& I AL AL UL
BRA 100 4R, 26 1k TR S5 A S T 3% A 3 7 B PR
BORE (G 1 - 2945 Ak /N T 13107 I BOR R A48,
A3 45 o a=4.798, b=3.999, =0.8, NE TN T,
Xf LA L A 2 S a4 73 R AR B, BT A 1 e 2 A 25 2R
SR 4 FiR .

®4 BEEERMUER

Tab.4 Optimization results of genetic algorithm

Parameter Value
a/mm 4.8
b/mm 4
t/mm 0.8
G(x) 0.0181

A LL LA IS S5 28, IR Z AT R 7R
(9 R GEL A AL SCBE R A 2 8, XS AT T ug
FEAE, (A2t H = HL I A&l 10 foR .

AT 2 i A 5 A P 8 33 SO Sz A A 2
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DA~ R AL 5 ) B M BE, I 5500 06 45 4 1 Y 4R B
] W B2 ABOGT L, DARIAE 2 B Ak 3R A 2808, X e 46
AL 5 PR

MEA LIRS R AT LUE H, PuAb ) iR B4 1
T AR 5 16 WS O 19.04%, JE T/ 7 10 K $2 i T
297.83% F 77.09%, Ak sREA T K 41.58%. Hh &
S [ W 5 RGN BOE ARG, 5 R 50 5 U8 A

e, WOTE B 5 S B AR R O, T B A AR
S, = PUBY AR 2 O R A R
A R A 2 B A B, WOZ RS H )
Ry aami i

R HE— 2 D0 2 R [ A3, 45 2 5
EOAEE R, SO LS RS BEAT Ansys K505
R 11 PR, 5 AR AR S W IR S5 X L

& 10 (a) FIAREL; (b) AT (c) AR
Fig.10 (a) Front view; (b) Right view; (c) Bottom view

x5 ZERMAERSHBENRENIEXLL

Tab.5 Comparison of system stiffness between multi-objective optimized structure and initial structure

a/mm b/mm #mm K/N-m-rad™ K,/N-m-rad™ K3/N-m-rad™ K/N-m™ G(x)
Initial value 10 8 1 50.04 50.04 844.6296 1.323e+06 0.0279
Optimized value 4.8 4 0.8 40.51 40.51 3.3602¢+03 2.343e+06 0.0181
Optimization rate —19.04% —19.04% 297.83% 77.09% 41.58%

0 50

25 75

IQO mm

IQO mm

25 75

1L (2) —BrBEEs; (b) ZBEES; (o) =BEas; (d) IBTREES
Fig.11 (a) First-order mode; (b) Second-order mode; (¢) Third-order mode; (d) Fourth-order mode
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m 6 i, ML EO5 A SR LA, gttt
B, PR — . B [ R 4R A5 R 43 0 T B
8.08% il 5.40%, 435>~ 55.8 Hz fll 57.5 Hz, =. DUFr
[ A5 A0 300 B 45 F T 112.59% 1 16.80%, 5 F]
503.7 Hz Fil 642.4 Hz, o] WLARAL 15338 2 kit H 1,
R B R ER . o R =, =
W 1A A A 2 T AR A4, TERT T OMACR B A
ROk o AT A AR T 4548 AR J7 1) B AR
WY A AR, N — AR RGEAT T T R4
filt, 1 22 5 (9 AR I 11 A 301 2 vl LAAS B A 350im ] . [+
B, AT R KA & T 45 AR TAE I ) B =
VO B A7 A, R 4 R e A il o T LA ) 2 g
e, TR AT ) R G0 AR B 3 I 2R e il
B Al ik 300 Hz £ 47 .

x® 6 MUEHRSMREATHN ERMET L

Tab.6 Comparison of the fourth-order natural
frequency between the optimized structure and

the initial structure

First-order Second-order Third-order Fourth-order

mode/Hz mode/Hz mode/Hz mode/Hz
Initial 60.715 60.814 236.93 549.97
structure
Optimized 55.807 57.533 503.68 642.38
structure
Opmr?éanon ~8.08% ~5.40% 112.59% 16.80%
4 & it

SR A H TR I S B PR 4 A S A
R GEREAT TR S OL A BT, SO S R
ST R G B [ A SR AT T A FROCO B, I
VU IRBY 7 i) b TARE R BE AT T BE A7 9 5, fiff ke
TSR A ARG T = W R A5 1) 1 [0 3L SR )5
IR 17 AR 28 o L, R 1 SR R Y T
PERIEE 52 AT HE S, R M AR LR 1005 J7 i %
HRARET TG AL, B H A XS A
BRICAT LA SRR A AL 9%, fftk TG A0t T
SR R s 436 ) LA L 4 S A 2 28 kAT T
PREBE 2 G2 55 = By [ A 50R BE T 3E ANA BROT 0
Bk, THEA RS 0 HA RIR A B 1.7%, IEW] T
xR e Ve reit ) S A RS S

BN ISR B n ARG — . B A BRI F
TR dR/IN, = PUR I AR A F 77 AR B R H AR ik
117 Z At tfeicit, 15 i et AL a5 A R IR T
—. ZBrEAE SR, e T = AR, IE T
T A FRITEE, SR TR SR 0 AT SEME AN AL
SCHP T A S A 28 SRR I A DA T 0 L R R
P BE S BT 2R T 04 [ A AR BRS04 e 4 il
WA —E B TR

S % 3k
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