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Multi-objective Approximate Optimization for the Boost-glide Morphing Flight
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Abstract: Aiming at the problems such as the difficulty in optimizing morphing and the contradiction of multiple
design objectives, the multi-objective approximate optimization for the boost-glide morphing flight vehicle trajectory
scheme is studied.First, the optimization framework of an all-course trajectory scheme for boost-glide morphing flight
vehicles is proposed, and the control parameters and trajectory scheme parameters are optimized through the inner and
outer layers, respectively. Then, a multi-objective optimization model is formulated for the trajectory scheme that
optimizes a target with the minimum takeoff mass and the maximum flight range.In the trajectory modeling, the boost
stage trajectory model is constructed based on the Newton iteration method , and the optimal morphing model of reentry
glide stage trajectory is established based on the pseudo-spectral method. Furthermore, a multi-objective approximate
constrained optimization method based on differential evolution (MACO-DE) is proposed to optimize the boost-glide
morphing flight vehicle trajectory scheme.Compared with the initial scheme, the take-off mass can be reduced by 3.81%
at the same flight range, and the flight range can be improved by 6.62% at the same take-off mass, which demonstrates

the reasonability of the all-course trajectory scheme and the effectiveness of the MACO-DE.
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Fig.1 Schematic diagram of the all-course trajectory for

boost-glide morphing flight vehicles
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Fig.2 Optimization framework of the boost-glide morphing flight vehicle trajectory scheme
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Fig.3 Diagram of the nozzle profile
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BR7 R AR A B S H bR R
29 TR R KR 1AL, IR PR A AR AR R BUIE E D o
H ]S I H Y HT Pareto H U, JI W 4 R R &R
J& U Pareto BT o A4 A7 2035 AR 1] 25 B8 3, 15
MHAT 3R 9
|9 HiE R R X . ] k-means
)5 ¥E X 2T Pareto By R 28 740 Bt B 2K
HH <R Pareto Hij T fif =22 18] Y BR LG PR 2, HORR =X BE 2 4
KBS AH 2R Pareto B I A 19 542 1 4R Jay R 48
FIX[H]
S0 935 RBF AU HBIAL AR 4% KR IS B B
M D H e B 2 R ¥ 48 2R DX ) 5000 B N D FEAS
¥ 3 H bR bR B 29 3 bR B JR T RBF A AR AR
Nipe B HBUE 5 00 A ] 7 25 B2 AH O, AT

JVRBF:maXIZ(nv+1)2(nv+2),100:| (26)
ST RSB FEA . R H TS =k

# %1 (Sequence Quadratic Programmin, SQP) % ¥
T Jay TR 48 R X [A] %) RBE AR A R i A7 0 AL | e 4%
Nioea I JE) BB BT IHEAEAS

A2 TR ECH AR A I S H bR R
29 o R RO 7L, PR A AR A OB PE Do T
Hij Pareto R -

B3 HIWT 0L S R S AL
25 A AL T AR 5 DU o] A5 3R 3,

22 FREHEESGWIK

P AR AL O 5 PR 38 Pareto B ¥ (Pareto
Front, PF) W #R & i J1 , A SCR 38 4G BE 2 (In-
verted Generational Distance, IGD) " #§ #r PE 1 & 1
BB AR B PFLIGD 38 ik R an =X (27) fiF
/N o IGDE B /N3 B AL A6 15 3 PF Bz i 338 PF,
S A A3 A 1 B AT

> mind(yer.y)
1GD = n€V3r (27)
| Y |

K Yo WELIE PF;| Y | BRIE PF 9 0 20,
P B E e PF GG, | Yo [95PR BRI
95 Z A AR SCHEBIE PE 1 150 38 BT 43 A0 e 1
B PF, Tk 38 PF A B9 B0 W s Yo HILALSE
PR PF 3d (yee, y) 0 yer 5 y WK ECHEBS

e 4 A4~ Fr HE 2 B br 20 o 8 Ak B B 1) 55 E
MACO-DE J5 ¥ 0 25 & Mg, it 53 49 ok B Sk
[23-26] , BEAFR WL 2, 5FEARMH MOEA/
D J7 ¥ (Constrained MOEA/D, C-MOEA /D) #il
Z H x5 804 /i Ak J7 i (Multi-objective Efficient
Global Optimization, MOEGO)"" #E£7 xt He It , H
1 MOEGO [f] 3% F Kriging £t B4 %1 i 37 (045 1k
5 ¥ B AIE MACO-DE J5 ¥ (1 3R il 3%

®2 BEVNKEAELRER

Tab.2 Basic information of the numerical test examples

451 YR n, | FRRECm | 958 n, | BEIE PF 5|V |

OSY 6 2 6 1000

CF1 8 2 1 21

CF2 8 2 1 626
C2-CDTLZ2 6 2 1 1014
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S5 1 4% RO B 014 1k 45 5 1GD {19 B /M
(Best) . ¥ {H (Mean) | fix K (Worst) fil bx i 2=
(Std.) , IGD fH G i1 45 5 5 0 Ak J5 75 B 3 378 o 8
N L% 3,

2 3a[ %, 5 C-MOEA/D J5 ¥4 H , MACO-
DE J5 ¥ it 7 5 5 SRR 706, Br CF1#1 CF2 55
5  IGDE & WG iHE S AL . 5 MOEGO &
ARG, 7ETE BRI O AT L B CF2 561
MACO-DE J7 % 3 BUY Pareto i 8 B9 23 Aii 1 e 16
PEX AL, UL B MACO-DE J5 i B4 3 47 i g
Pareto B VR HEINAE T o

%3 MACO-DE,MOEGO 1 C-MOEA/D 7 £ L & R
(IGD &)
Tab.3 Optimization results of the MACO-DE. MOEGO,
and C-MOEA/D (IGD values)

. . . . . Co-
R ARG IGD OSsY CF1 S
Best | 10.5569 | 0.1274 | 0.2276 | 0.0053

MACO.DE | Mean | 22.0930( 0.1815 | 0.3764 | 0.0350
N™=300" | worst | 49.7983 | 0.2093 | 0.5458 | 0.079 1
Sd. | 16.1815]0.0328 | 0.1189 | 0.0230

Best | 40.2773|0.1767 | 0.2192 | 0.050 0

MOEGO | Mean | 97.8654 | 0.2308 | 0.3740 | 0.064 1
N™'=300" | worst | 151.097 3 | 0.3054 | 0.5380 | 0.098 9
Std. | 36.3151|0.0436|0.1055 | 0.0138

Best | 24.9995|0.2113|0.2839 | 0.0589

C-MOEA/D | Mean | 40.5474 | 0.2539 | 0.3885 | 0.0844
NT=1000 | worst | 73.8540 | 0.2788 | 0.5420 | 0.1406
Std. | 17.4035|0.0201 | 0.0791 | 0.0289

T AR () S8 B 45 s e £

3 MEFELERAMNKALER

3 BHIEE

BT B AR AT AR A AL
MACO-DE J5 3Rk figt 20 (1) iR 53l )7 £ 2 B bs
e s BhHE v AR AR AT IR R S S LR 4,
Bl 4 B A A0 2 AR 2 ORI A B T S A
I T AR E L2 5, MACO-DE J5 ¥ M % 3 $
BE 6.

x4 KHRSY

Tab.4 Launch parameters

S8 A/C) ¢/C) | h/km |v/(m-s )| ©/C) | ¢/()

HE | 100.00 | 40.00 0.05 0 90.00 90.00

®5 BEHERE®LR

Tab.5 Boundaries of the control parameters

Pemin/ X1, min/ o min/ W/
85 | ap /)| . -

[(*)/s] [(*)/s] (s h) (m/s)
A 0 —1 —0.135 | —0.005 | —0.002 05

Peomax/ X1 max/ o mae/ W,../
BH | /)| : o ‘

[(*)/s] [()/s] (s ') (m/s)
BUE 25 3 0.135 0.005 0.002 05

%6 MACO-DEFESH
Tab.6 Parameters of the MACO-DE

28 N Ngloml Nigear Ny F Cy
A 120 4 2 400 0.8 0.8

32 #HR5T

Ak SR A 75 2 Bl HE W O AR IR AT R R K
Jot 2 R A B Pareto i 5 (331 22 A SZRCA% ) L 4n
K7 FT 7R o 16 BOAE T A8 5 B S 161 %) o ) i sl K
1B B 3 B BT 2 B0 W0 16 U7 58, A 4 HE Pareto fif
LEWIG TR W25 LTS B AR R gL TR
B RRER I E T~3K 9, H, Pareto fif 42
H RN N T iR 58 HLR TR A SR /D 19 A0 A A
VORI N i 8 NN )N i =R

KA AT % B,

7 500 X

o A[{Tfi#

x ?ﬂﬁ;ﬁ@% x

| ¢ Pareto x
7 000 AﬁtkﬁgﬁA )
A 75 EB ¥

6500+ " %ﬂﬁéjﬁ% o) @

5000 1 1 1 1 1 1 1
46.5 47.0 47.5 48.0 485 49.0 49.5 50.0 50.5%x10°

TR kg
E7 BiERMEETCITIRMES RN Pareto R
Fig.7 Pareto solution set of the boost-glide morphing flight

vehicle trajectory scheme
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Tab.7 Comparison of the initial and optimized objectives

ZH wtars | T EA | TR B
BRI 0/ kg 48930.66 | 47066.90 | 48869.13
S R, o/ km 6 039.09 6 063.24 6438.94

MACO-DE ¥ 3K f#45 21| i) Pareto fi# 5 13 5 ik

AR M LT 2 A B SO B K R T
KB AR A B AR AN BRI T S R T, S
PHE K K 3.81% (1 863.76 kg) o Tk & B
AHEE TR T 28, 3000 T 4% S B LR K & 3 HIL IR 9%
[F1] 25 25 FE L, R 4% Bk BE K o B Bl A5 90 1 I R
JE IR BN AR B AE AN R R R T L 9
LT 6.62%0(399.84 km) .

RS MBARSRUFRZHTEE L

Tab.8 Comparison of the initial and optimized design variables

S8 ISR (RGPS AT % A 77 % B
— Y m kg [22 000, 24 000] 23 000 22 090.52 23014.45
Y m kg [11 000,13 000] 12 000 11173.81 12 798.56
SYCRE R m .,/ kg [4 500,6 000] 5500 5503.61 4632.45
= AT/ km [55,65] 60 55.23 60.65
M A O/ () [0,5] 3 4.21 2.77
HIHT B8 v,/ (mes ) [4 000, 4 500] 4500 4012.71 4237.48
FITT B v,/ (mes ) [3200,3 700] 3500 3403.05 3 460.65
Fl S5 /() [16,19] 18 16.35 16.03
FIH S5 g/ () [11,15] 12 12.24 11.67

K9 MBARSRUFTRAREMETLL

Tab.9 Comparison of the initial and optimized constraints
" ¥th At At
ﬁ L Grg | rma | g

P R o/ km =6000 | 6039.09 | 6063.24 | 6 438.94
R B/ km <70 67.24 64.47 | 64.44

WAAHNER a, .
AR 2+, V| <150 | 9663 | 967a | 9s.sa
[kPa«(*)]

WA B IE ¢, /kPa <50 46.60 44.67 | 35.20

TEBCIIE Q/kW | <1500 | 1228.63 | 1289.36 | 1271.98
WHBLE #in,/g <3 1.93 2.17 1.94

4 4 RE

o X B B A A I 7 O A T I A
TR (L AL B = % F AR R A% T 1 R, 4
T I A (R AT B 7 O A R A 2 o
%2 FRRAE ARG by o, JF TR B 25 1 A7
77 % 2 B AR BL AL BFE  F3 B T 458

1) $ T — 2 % A B R S
TR 5 % O AL RE 28, 8 <7 L )y 22 01 Al ) R
1L TR 5 342 T DD S A A L AR
A A SR A B 4 R 42 28, R PO B 9 R
T A B B B AT O

2) $E T AT 2= 0 b R 2 H AR L2 R
15 : (MACO-DE) , 45 & 8 & Kriging £t A 7Y Fl
22 AL AT R AR A R R R L R SQP Bk
RBF QA Y 47 oy 048 2%, 52 BRI A DRt i

3) JFRET Wi AR R AT ARSI T R 2 H
b I LOE AL 92, 78 2 BRI 2o AR5 T M AR Y
FOR LA M He 0 R BT 5 S B R AR AR Y
i T R R 2R 3.81 0%, R A
AT HEZEZHT6.62%.
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