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The Control-Configured Optimization Method for Hypersonic Vehicles
Using the Improved Simulated Annealing Algorithm

GE Zhen-zhen, ZHOU Jun, LIN Peng
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Abstract; Based on the established model that both aerodynamic nonlinearity and aerodynamic coupling are the
function of configuration parameters, a chosen hypersonic vehicle’ s shape will be optimized to search for optimal
configuration parameters with the lowest nonlinearity and coupling of the all ballistic feature points. To improve simulated
annealing algorithm’ s search capability in the whole feasible region, a well-chosen aggregation strategy containing a few
locally best optimal elements is introduced. The optimization results of test functions indicate that the improved algorithm
possesses a better convergence stability and speed. The specific vehicle’ s control-configured optimization results reveal that
the improved simulated annealing algorithm is more effective and has a better search capability in the whole feasible region.

Key words: Control-configured optimization; Degree of nonlinearity; Degree of coupling; Simulated annealing

algorithm; Aggregation strategy

0 3

il

KA R RATER T RAE 20 tHAE 70 AERER IR
H B A T AR RE 1 WL s e ) S R SR A
i R K E S P BN A 2 R E R 4
TR GRS, TN BR BT TR . Bk, 8

R H399:2012-12-24; &1 H $:2013-05-01
HETHE B FF R B L4 (20106102120008 )

1o 4 SCRE A R R AR, B T e A —
I SCREREA R A REAR A ) R G B o BE N 4R
AT AR B B, X AT AR B AR R AT A

H BIE 58 AT R B AM R AR 8 LA
I TER TR EL T k0 B B B 84Ty
DABRAYS g B DL, 3 0L B 3 B F 56 AR RS 30



1428

i F34 %

SCHRL6 ] A ik i R T iR sr BB AME SRR
AFES AR R AR A S AR, SCBL T B TR
HH SR T PR AT AR AT R AL ; SCERL7 DR 2
LBNANITEIEE AR S CFD Ssh AT S &, S8 T AR
A REBINEIAL . BeAh, RATABIIMEAL
HORFETHE R R s B 8% %07
BRGNS B AR 2R .

ASCIRYE) SCHEE AR R BB AR, Be IR By 2 5 1
KATAE BRI R, BT B RS TRAT AR b
BEVEPEAEAR S SRS BUR RIS PR
ShHAME AL AR R 2 AT A E B AR &
WS e s DAL A AR XT 2R iR Pk, B Lk
iR R R A, A2 SCHI ARG ISR & SR LAk
BB KB

1 BEREESRITMEREX

A SCEEXTE 1 BT 3 B H A RS R
AT E XSS ARR R G R BTN 458
Bro CATHERIRE 73 e DU R, TR A RS
WA, ERSNRER NERAR. B
WA G C,C,C, =6 RN R I RATRS

HEHAGKRITEHN 19 MNES B EEAHE:
9 BUEEHEA 0, .0, KB L, Ly ; ARBKE L, ; A
R L, IRFE A 055 N INERTZE A i xu, R
SERBE borbon; BEATH G A Yo, WA ZKE
By b s T IRETZ K B, , B L, s ZBNAEEK b,,,, , B
K L, ; RITER I BUOAALE ©, o

1) KEhFELMEE X

HRHEA- A F 0 B K R B 0 T ARG R
AR AT ESL AT AR RN R R B m, ()
HIAERR" i m, (@) HORAEASRIL AR -

me(x,) =c+L(x,)a +o(a) (1)
A c HERL(x,) B5 a TR EE 0(a) Ba
M Tg5 /N, x, T IRE S o, Ma , H 17T
BHNESE x HRW B,
KRR E S N
~ |mi(x,) - c - L(x,)el
mi(x,) —c - L(x)a|+ |c + L(x,)a]

o

my. x 100%

(2)

1 REHEGEITREEINE

Fig.1 Vebhicle’s configuration and parameters

2) KBEEEEN
HRAT A B I FE TR AT, s IR R A
HHFEME NEREON, ZRKEME TG, =8
EMEZEME NERBEHE: my m) m m?,
BB KBRS B N
(1) Zahfelms TG
X 7 308 T 7 A AR
C, = my/mY x 100% (3)
Xt ORFA 8 B 7 A A B
C,, = m¥/m? x 100% (4)
(2) Frmfielmis T RRREEE
Xob VR AP S B 7 A AR S B
C, = my/m¥ x100% (5)
Xt ORFAD 8 8 7 A A B
C, = md/m¥ x 100% (6)
K IERMEREARXS CFD i+ EME G & b
ARSI R RAEBARS

2 BEpEERRALRE

FHF ER SRS AT e TR 2 HE £
FHIE s BRI T RS BT Bk il , R £ H iRl
LR, % BARGAL TS G — R

min y = f(x) = [/i(x),, filx)]"
e(x) <0,i=172,m

s. t. X = (xl,---,xn)T e X (7)

Yy = (yly'"9yk)T et



511 3

BYRIRSE R AR DUR K Bk i AT AR R SR LA T vk

1429

A x DR m By o BARm B X ik R il B A
LIRS 8] 5 Y Ry H b 1) B A B E AR ] 5 2951
e;(x) < 0 NAlfTiEk,

WAE ©ATAR 2 00IE IR n NMRHME A, ERRE
B | T RESEEFE LA o HHE Ma, &
FE H,, BEEIARAR L TE my, C,, \C..\C,, .C,, o HE
THRAIEAL, HE LT+ HAn k3L

fi(x) = max {[my ||
f(x) = max {[c] |}, fi(x) = max {|cL]]
filx) = max {|C |}, fs(x) = max {[C[}
(8)
K:i =1,2,,n,x = (B,W,C)" HPK&E,
B = (6,,6,,6,,L,,L,,L; L, x,)"
W = GeusXusborsbon s b s b)) ' 9
C = (Kowsbuw Bl b))
FT iR Bir RIS R AT A
T8 ZRHE B SRR
min y = f(x) = [fi(x),, fs(x)]" (10)
xp(l =d) <ux;, <xp(1+u),j=1,m
by +byy <L +L, +1L,
x, <L +L, +L,
I <15R,.
0 <b, <by -2.5R,, tany,,@ = 1
0<b, <by —by +b,,0 =2
R,.. < bycoty; <2.5R,,. 0 =2
0 < /,tany, <b, —-b
by < bo

cwr

cwl

0 < 6,,6,,0, X1 X1 Xew < T2
(11)

KA. d,u e (0,0.5); by, = 2.5R, tanyy; b, =
bOICO'XItanXH;Z’ = liﬂf\‘iﬁﬁ%ﬁ%,; = 2 R
Ja A Ry s AE St LY RN RE AT AT 3R/, T EL
AT A BRI ET S RS JRAE—3L

TTRESE B fige R 22 B ARG TR A8 ) 5 PR A 2k -
H5EHZ BAREAL g B BARGAG IR R, SR )5 R A 3L
RACALEIE (= B HE B R AR K B
MAEMEEE) HTIA. B, A SCR R
BLRIER (12) ¥ 2 BAREe# o 5 B AR AL

minh(x) = min] 2 (fi(x) - f0)/£017 (12)

A X BARRMERRZ, f JR% S, (%) HHE
H1E,

3 MRERBLIB NE %

BERLE KEE  (SA) RN A E SRR
TR, (AR R ER SR B
17 TR, RESRIA R BT 2 )R &
oA

RHHESHRAF R SE  BPIIRIE L 3%
Vol PRI 11 MU 2 Markov 54K BE L, o AL TR A9
— M x, BB AR BRES(x;) 50305 AR B — M
WA o, B HBER E () MR,

BEANE KL ERI AR IR B R v IR RS S 2
BRI, RELMIESR 1 i3I & R Emthfm ™ .
TE R Mertopolis He3Z HE NI AR HZ 9 i , AT
BA R RGeS . BIEEA AR

© SR ESHR KV X0 5

@ &Ht = Iy A FE L, WA R

TERR x, B8R BT AT AT x, s R (13)
THEARNL ) Mertopolis #ZMER P % n < P, WX
e, Horh n 2[0,1] XA 3346 BEHLEL .

{ 1,, f(x) < f(x) (13)
VTN f(x) > fx,)

@ BKEAE 1,0 = T(1,) A5 RLLHEN B
KREEH it x,; B, Qo
3.1 LR

1T SA 515K Al Mertopolis #E N R 2% 4
JRf# , T RE S B L WSSO BE NG (B s M . £HRT
2t SA BEEFTEMIRIRE, ASCHI ARG RE S RN
PEATEOHE HE LR & SR B 7R IR K 72 R A 3
FEELIER YA CHRBME TR x, LH
fx,) SKEPRERITR x, MR, FEM
THE RRRIR K7 1A

BHERIES C AR N NAE L = 1, I, WIIG#
x, =x; e GERBILRNMEs = 1B KL EH, H
SEATTE x BB AR EES A TRIT

@ #Hf(x) <flxg) Wx FNEE T, #HD,

@ #Hs < N x FEAES s =+ 1;8M,5E



1430 FAS

H F34 %

4 xy BHES REx HEA,s = N,

@ KESHTH s MR f(x]) BREV/ME
Fe Bl f(xg) = =f(x.)

@ HIELER,

Ko B2 A ORI S AR K B —E WM 1
P, 51 FRIEBH 20T 45 5 R B B A AR RO
TR SR B e AT 38R o 33X R s — D7 T P O B vk T
2 SRR AR AR TP 48 AR R B, 0t B vk Bk R
BRI RERR R 2R ERBOER; 5 —
7 T R0 TR SR R MG B, BEAEGIR G AR o ()
I B
3.2 Uik SA B HAL R

ETHEES R UH SRR KB %
(IMSA) {ySEBATRANT

Step 1. 4 EXHME SRRV x,;

Step 2. S8t = 1, WHE L, iRIE R

a) MRIER (14) 7E% x, ISR T= 45T x, 5

P = {xk FEGT e =0 (14)
x, +&(xf" -x)e”*, <0
Ko, L™, ™ Rex, WAFTIXE, &4 23R,
1].[- 1,17 X[a] #3545 BEHLEL, D S B R GR kIR
¥, K MIE B RS

b) R IEAE DA AT U 5 R x, i
HALEE;

) MBI (13) B AL #) Mertopolis 2 52 1
KP#in < P,WEZHMx, = x,, Hd g e U0,
1] 3575 BEMLER

Step 3. & f(x,) > f(xy), %%, =x Her
e [0, s - 1] BHHMBEVIESG BN x,,, = x, 3B K
Btk b, = T(r,), &R K IEEN, WSS, 4
x5 BN, 5% Step2,

3.3 Pk SA B

R T B A S0 AR AR K Bk B s R
P HUE PR AR AR T 2 R B D i, e E 2 N
A R B TR . A R FE 54
LR K BT HLE

1) Ackley pR%L

[
sz%

n
i=1

iy )
- e"i;cos(zm‘) +20 + e

(15)
Ackley PREUFEX 8] x, e [ -32,32] N2/

f(x) =-20e?

AV IGAR
BEARHIR
v
Ti=t, F
fE L KRR
v
W A x, HEN
WHERES

+ X =%,

B R
ten = T(8)

% Mertopolis ¥
MR x, Y

B2 Bk SA BiEmER
Fig.2 Improved SA algorithm process

B 5, = 0,0 = 1,2,+.n, fo = O,

2) Griewank pg%t"

fx) = ﬁ;xf - Hcos(%) +1 (16)

Griewank PRELTEX|H] x;, e [ —600,600] K4
A % = 0,i = 1,2,-,n, fu, =0,

Ackley 5 Griewank pR#(E. 7 #H [F] H Mt — )2
SRR ABRTE & 2R R HEFERE
HRTRIRE . FIHEXH LR E R 2R REE =
KRB o

BUHELNR KB BN SHOCE T - FHRIEE
t, = 10000 ; Markov 464 J& I, = 100 ; JEL 320 B 5K
tor = 0.992, s K EHEN 1, < 0.01; HBIREK =
200; ¥ EESHREN = 10,

Sy A R B AT = 3,9,15,20,35 4k
WAL E , B R R S5 B R 45 R BUE
S3a17 50 WS B AR M P ME £ 2 S, Al
{Efmino

38 3o XoF B A A R R e B R R T
A SO SA L (IMSA) BA LI IA -

a) WeslE AR 5

b) B KRR R B R/ KR TR 5

c) 1B KEEHR i AR 2 R B R AT o



511 3

BYRIRSE R AR DUR K Bk i AT AR R SR LA T vk

1431
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Table 1 Ackley function’ s optimization results
SA Bk IMSA &3
" E s Foi E 5 Foun
3 2.8x1073 2.0x1073 1.1x1072 4.4x1073 2.6 x107¢ 1.6 x1073
9 7.8 x10 2 6.7 x10~* 2.2x1072 3.6 x1072 2.8 x1075 1.9x1072
15 1.3x10°! 1.3x1073 5.4x1072 5.9x1072 4.9x107° 4.4 x1072
20 1.5x10°! 1.8x1073 6.9 x10 2 7.6 x1072 5.0x1073 6.1x1072
35 2.7x10°! 2.3x1073 1.7x107! 1.7x1071 6.0x1072 1.0x10°!
#2 Griewank REALEER
Table 2 Griewank function’ s optimization results
SA By IMSA # s
" E s frin E s Jrin
1.6 x10"! 4.5%x107! 1.1x1072 7.6 x103 9.5x107° 6.2 x107°
2.6x10°! 5.4x10°! 1.1x10"! 1.3x10"! 1.3x10"! 5.3x102
15 3.0x10°! 3.4x10°! 1.6 x10"! 1.0x10"! 9.1x1072 3.7x102
20 6.4x10"! 8.55 1.1x10"! 1.2x10"! 5.6 x1072 6.7 x102
35 1.14 5.2x1072 1.18 2.3x107! 4.5%x1072 1.5x10"!
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Table 3 Ballistic feature points’ flight states

FHER  ShbfER B R Ui B
1 20.74 15° 60000m WA
2 18.95 15° 42000m BT
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4 10.15 20000m BE T
5 5.76 20 0 H 738 78 1
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Table 4  Original and optimized vehicle aerodynamic metewand values

B PACHT BT 46 bR HALE S HEIF M s
miL Cy C. Cy Cy miL Cy Ce Cp Cy
1 47.05%  225.4% 8.81% -0.19% -2.98% 5.28% 0.12% 9.72% 0.51% -2.88%
2 50.72%  203.1% 19.12% 3.12% 2.52%  4.62% 0.11% 21.1% 2.13% -2.44%
3 32.53% 14.35% -2.26% 4.14%  12.5% 1.98% 0.007% -2.49% 2.71% 12.08%
4 50.03%  275.7% 21.51% 4.75% 2.34%  0.78% 0.14%  23.73% 3.1% 2.26%
5 56.01% 40.29% 1.74% 5.95% 7.36%  5.27% 0.021% 1.92% 3.78% 7.11%
BRRYE  56.01%  275.7% 21.51% 5.95% 12.5% 5.28% 0.14%  23.73% 3.78% 12.08%
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Table 5 Convergence of optimization algorithm

FETRIE K TR
Bk g C C C C
MmNL xy xz yx yz
SA 1065 767 483 1191 688
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Fig.3 Control-configured optimization curves
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